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ABSTRACT 
The reductive eliminations of primary arylamines from a series of bisphosphine-ligated 
arylpalladium(II) parent amido complexes countered several established trends. In contrast to 
arylamido and alkylamido complexes of the aromatic bisphosphines DPPF and BINAP, parent 
amido complexes did not form or undergo reductive elimination of monoarylamines. However, 
arylpalladium parent amido complexes ligated by the alkylbisphosphine CyPF-t-Bu formed in 
good yield and underwent reductive elimination. Despite the basicity of parent amido ligand and 
the typically faster reductive elimination from complexes containing more basic amido ligands, 
the CyPF-t-Bu-ligated arylpalladium parent amido complexes underwent reductive elimination 
much more slowly than the analogous complexes containing arylamido or alkylamido ligands. 
Moreover, the parent amido complexes formed more rapidly and are more stable 
thermodynamically in a series of exchange processes than the arylamido complexes. 
Computational studies supported the overriding influence of steric effects on the stability and 
reactivity of the parent amido complex. The slow rate of reductive elimination caused the 
arylpalladium amido complex to be the resting state of the coupling of aryl halides with 
ammonia catalyzed by CyPF-t-Bu-ligated palladium, and this resting state contrasted the Pd(0) 
or arylpalladium(II) resting states of reactions of aryl halides with amines catalyzed by most 
palladium complexes. 
 CyPF-t-Bu-ligated palladium complexes also catalyzed the aminocarbonylation of aryl 
bromides and aryl iodides with ammonia and carbon monoxide. Primary benzamides formed in 
good yields from aryl bromides and aryl iodides with 2 mol % of Pd[P(o-tol)3]2 and CyPF-t-Bu 
under 3 atm total of ammonia and carbon monoxide. The resting state of the catalyst was 
identified as the Pd(0) di-carbonyl complex (CyPF-t-Bu)Pd(CO)2, which dimerized to [(CyPF-t-
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Bu)2Pd2(µ-CO)] upon isolation. These complexes did not undergo oxidative addition of aryl 
chlorides and aryl tosylates. The effect of added CO on the oxidative addition steps was 
demonstrated. In addition, the intermediacy of an arylpalladium acyl complex in the formation of 
the benzamide products was demonstrated.  
A method for the palladium-catalyzed cyanation of aryl chlorides and aryl tosylates was 
developed. The catalyst formed from the combination of Pd[P(o-tol)3]2 and CyPF-t-Bu formed 
aryl nitriles via reaction with Zn(CN)2 in high yields with an unprecedented catalyst loadings of 
0.8-1 mol %. LiCl was shown to influence the transmetalation of arylpalladium chloride 
complexes with Zn(CN)2.   In addition, the isolation and characterization of arylpalladium 
cyanide complexes that undergo reductive elimination to form arylnitriles have been 
demonstrated. The rates of reductive elimination from a series of arylpalladium cyanide 
complexes reveal that the electronic effects on the reductive elimination from arylpalladium 
cyanide complexes are distinct from those on reductive eliminations from arylpalladium alkoxo, 
amido, thiolate, and enolate complexes. Arylpalladium cyanide complexes containing aryl 
ligands with electron-donating substituents undergo faster reductive elimination of aromatic 
nitriles than complexes containing aryl ligands with electron-withdrawing substituents. In 
addition, the transition state for the reductive elimination of the aromatic nitrile is much different 
from that for reductive eliminations that occur from most other arylpalladium complexes. 
Computational studies indicate that the reductive elimination of an arylnitrile from Pd(II) occurs 
through a transition state more closely related in structure and electronic distribution to that for 
the insertion of CO into a palladium-aryl bond. 
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Chapter 1: Overview of Transition Metal-Catalyzed Reactions of Ammonia, 
Carbon Monoxide, and Cyanide to Form Carbon-Heteroatom and Carbon-
Carbon Bonds 
1.1. Introduction 
 The ability to form carbon-carbon and carbon-heteroatom bonds in high yields and 
without a significant amount of undesired byproducts is a major challenge for the modern 
synthetic chemist. Transition metal catalysts are capable of forming new bonds and structural 
motifs that can be difficult to access with common organic reactions due to steric or electronic 
constraints. Both heterogeneous and homogeneous catalysts can perform a large number of 
powerful transformations, but homogeneous catalysts offer efficient reactivity with milder 
reaction conditions. This advantage is particularly important when constructing elaborate organic 
molecules that contain potentially sensitive functional groups. 
Modern catalyst development is particularly focused on the exploration of reactions with 
basic chemical building blocks that are cheap and readily available, such as ammonia, carbon 
monoxide, carbon dioxide, and hydrogen cyanide.  In these reactions, key functional groups can 
be generated in one step, obviating the need for protecting groups or multistep syntheses.  The 
binding of a small molecule to a transition metal can alter the electronic properties of the 
molecule and influence a particular reactivity pattern, thereby leading to the development of new 
and more streamlined reactions.    
There are, however, many difficulties associated with developing transition metal-
catalyzed reactions of small molecules.  Primary challenge is that small molecules like ammonia, 
carbon monoxide, and cyanide are good sigma-donor ligands and form strong and relatively inert 
bonds with transition metals, leading to catalyst poisoning. Altering the coordination 
environment of the transition metal with auxiliary ligands to increase the reactivity of these small 
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molecules can have an opposite effect; electron-donating phosphine and nitrogen-based ligands 
increase the electron density about the metal, leading to a more favorable binding interaction 
with unsaturated molecules like carbon monoxide and cyanide. Many transition metal-catalyzed 
reactions are also sensitive to air and moisture, and developing anhydrous and anaerobic 
processes with insoluble salts or gases can present another challenge. Finally, many of these 
small molecules are gaseous and toxic. A reaction must therefore be viable with either low gas 
pressures or safer sources of reagents in order for it to have synthetic value. 
 This introduction will focus on the development of late transition metal-catalyzed 
reactions with ammonia, carbon monoxide, and cyanide, especially those reactions catalyzed by 
palladium. A number of reactions with ammonia towards the formation of amines will be 
presented, with a later focus on palladium- and copper-catalyzed cross-coupling of aryl halides 
with ammonia. The palladium-catalyzed carbonylation reaction to form carboxylic acid 
derivatives and aryl ketones with CO and the cyanation reaction to form arylnitriles will also be 
highlighted (Figure 1). The products of these transition metal-catalyzed reactions are valuable as 
synthetic intermediates or in fine chemicals. Many of these compounds also represent core 
structures in a number of molecules of pharmaceutical interest, which will be detailed later in 
this chapter.  The compounds of interest also contain functional groups that are necessary for 
further elaboration of the molecule (e.g. nucleophilic amines, electrophilic carboxylic acid 
derivatives, and electrophilic nitriles).  Although palladium-catalyzed cross coupling reactions 
have been known for over 40 years and have been highlighted with a recent Nobel Prize, cross 
coupling reactions with small molecules like ammonia, CO, and cyanide are less common. 
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Figure 1. Palladium-catalyzed amination, aminocarbonylation, and cyanation  
reactions. 
 
1.2. Overview of homogeneous, transition metal-catalyzed reactions with ammonia 
 
The introduction of functional groups through reactions that occur under mild conditions 
with unactivated reagents while generating few byproducts has been a theme of modern 
synthesis. In this vein, the direct synthesis of nitrogen-containing molecules from the 
inexpensive commodity chemical ammonia is an important goal. Most ammonia (83%)
1
 is 
utilized as fertilizer, but many basic chemical reactions of ammonia are conducted on large scale, 
including those to form urea, ethanolamines, and even hydrazine rocket fuel.
1,2
   
 Although conducted on large scales, reactions with ammonia typically require high 
temperatures or pressures and most are not selective for formation of a single product. For 
instance, methylamine is synthesized from methanol and ammonia over silica-alumina catalysts 
at 300-430 °C, but dimethylamine and  triethylamine are also produced.
3
 To improve the 
reactivity and selectivity of ammonia toward many desired transformations, catalysts based on 
transition metal complexes have been studied. 
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Unfortunately, many common reactions catalyzed by transition-metal complexes do not 
occur with ammonia. This lack of reactivity can be attribed to several factors. First, the catalyst 
is often deactivated by formation of stable Werner ammine complexes. Second, the strength of 
the N-H bond in ammonia (107 kcal/mol) makes “N-H activation” by the metal center 
challenging. Third, the moderate basicity and low acidity of ammonia disfavor proton exchanges, 
either to or from ammonia. Finally, handling high pressures of ammonia requires special 
equipment.  
Nevertheless, reactions of ammonia catalyzed by transition metal complexes have 
recently been developed. These reactions can be divided into three classes. The first comprises 
tandem processes in which ammonia reacts during an uncatalyzed step of the sequence and is 
tolerated by the metal during the catalytic steps. The second involves a catalytic transformation 
of ammonia in which the ammonia reacts with a coordinated ligand, rather than the metal center. 
The third involves a catalytic process in which ammonia reacts with the metal center to form a 
transition metal-amido complex. This section will present examples of these three clases of 
reactions, the challenges confronted during their development, and the limitations they currently 
possess. 
1.2.1. Reactions in which the catalysts tolerate the presence of ammonia 
During some reactions catalyzed by transition-metal complexes, the catalyst tolerates 
ammonia, but does not react directly with it. Many of these reactions occur with soft, low-valent, 
late transition metal complexes that bind ammonia weakly and that possess chelating ligands to 
discourage the binding of ammonia.  Three examples of such reactions are described.  
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1.2.1.1. Hydroaminomethylation 
Hydroaminomethylation is a tandem reaction in which hydroformylation of an olefin 
produces an aldehyde, and this aldehyde undergoes reductive amination. The hydroformylation 
and hydrogenation steps are catalyzed by transition-metal complexes. Many 
hydroaminomethylation reactions have been reported with primary and secondary amines. 
Hydraminomethylations with ammonia to form primary amines would be an important 
development, but few reports of such a process have been published. 
Hydroaminomethylation in its current form with any amine has limitations.  The reaction 
often occurs with modest selectivity for linear or branched products (n to iso), and isomerization 
of the starting olefin has been shown to occur in competition with hydroaminomethylation. In 
addition, selectivity for formation of the primary amine over a series of alcohol and condensation 
byproducts is often poor.   
The hydroaminomethylation of olefins with ammonia was first disclosed in a 1950 patent 
by workers at Du Pont.
4
 A variety of amine products were reported to be obtained in ~ 40% total 
yield by the reaction of olefins with 100-2000 atm of syngas and ammonia in the presence of a 
metallic cobalt catalyst in ether.  For this process, optimum temperatures exceeded 250 °C. A 
patent from 1988 by Lin and Knifton disclosed a phosphine-ligated cobalt octacarbonyl catalyst 
that reacted with olefins and ammonia in dioxane to produce primary and secondary amines in a 
ratio just over 1:1.
5
  The reaction required temperatures in excess of 150 °C and gas pressures 
over 2000 psi. 
In 1999, Herwig and Beller reported hydroaminomethylation reactions that are more 
selective for primary amines and occur under more moderate conditions.
6
 The  reaction was 
conducted with two catalysts: a rhodium catalyst for hydroformylation and an iridium catlyst for 
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hydrogenation of the intermediate imine. The selectivity for primary amines was improved by 
conducting the reactions with a water-soluble catalyst in a biphasic system in which the product 
amine and the catalyst would reside in different phases. The reaction of an aqueous solution of 
ammonia containing the combination of 10 mol % of TPPTS (trisodium 3,3'-3"-
phosphandiyltris(benzenesulfonate)) or BINAS (sulfonated 2,2'-bis(diphenylphosphinomethyl)-
1,1'-binapthyl), 0.03 mol % [Rh(cod)Cl]2 0.2 mol % [Ir(cod)Cl]2, and an organic phase of methyl 
tert-butyl ether formed the hydroaminomethylation products from terminal olefins at 130 °C 
under a syngas  pressure of 77 bar (eq 1). 
R + NH3
[Rh(cod)Cl]2 (0.026 mol %)
[Ir(cod)Cl]2 (0.21 mol %)
TPPTS or BINAS
CO/H2 (78 bar)
MTBE, 130 oC, 10 h
R NH2
R = CH3, CH2CH3,
(CH2)2CH3
3
TPPTS =
PAr2
PAr2
SO3Na
SO3Na
NaO3S
NaO3S
Ar = (m-SO3Na)-C6H4BINAS =
P SO3Na
(1)
 
Although constituting progress toward selective hydroaminomethylation with ammonia, 
these reactions were limited to a narrow range of terminal olefins, and the best selectivity for 
formation of primary amines over secondary amines was only 10:1. In addition, this process 
required temperatures of 110-130 °C, more than 60 total atm of pressure and a total quantity of 
ligand exceeding 20 mol %. Thus, this process suggests that the appropriate choice of catalyst 
and reaction conditions can lead to the formation of primary amines from alkenes, ammonia and 
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carbon monoxide, but much progress must be made before this reaction becomes a viable 
process. 
1.2.1.2. Reductive amination of ketones  
Like hydroaminomethylation, reductive amination with ammonia could be an efficient, 
tandem process for the synthesis of primary amines. In this case, aldehydes or ketones react with 
ammonia to form an imine, and the imine undergoes metal-catalyzed hydrogenation to form an 
amine. Until recently, reductive amination with ammonia had not formed primary amines in high 
yield.   
In 2000, Börner reported the first general homogeneous catalytic reductive amination of 
aldehydes with secondary amines and hydrogen gas as the reductant.
7
  The rhodium complexes 
Rh(PPh3)3Cl and [Rh(dppb)Cl]2 (dppb = 1,4-bis(diphenylphosphino)butane) catalyzed the 
reaction of alkyl- and aryl-substituted ketones and aldehydes at room temperature under 50 bar 
of hydrogen to form the expected amine product from reductive amination (eq 2). 
 
Beller then reported a rhodium-catalyzed reductive amination of aldehydes with 
ammonia.
8
 Similar to the hydroaminomethylation method described above, a biphasic system 
was employed to segregate the amine product from the water-soluble rhodium catalyst and 
ammonia nucleophile. The reaction of benzaldehyde with aqueous ammonia and hydrogen in the 
presence of 0.05 mol % of [Rh(cod)Cl]2 and 1.3 mol % of the water-soluble phosphine TPPTS 
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(trisodium 3,3'-3"-phosphandiyltris(benzenesulfonate), see eq 1) at 135 °C formed benzylamine, 
as well as a small amount of benzyl alcohol byproduct (eq 3). In addition to the reported 
examples, the reductive amination of aliphatic aldehydes with ammonia was also reported; 
however, higher temperatures and higher catalyst loadings were required, and reactions of these 
aldehydes formed a significant amount of secondary amines and condensation products. 
Therefore, the design of a complex that catalyzes the reductive amination of aliphatic aldehydes 
at lower temperatures and with higher turnover numbers remains a current goal. 
 
Reductive amination was shown by Fukuzumi and coworkers to form α-amino acids from 
α-keto acids in aqueous solvent.
9
 The iridium(III) complex [Cp*Ir(bpy)H]2(SO4) catalyzed the 
reduction of α-imino acids produced in situ from the acid-catalyzed reaction of ammonia with α-
keto acids (eq 4). At low pH, protonation of ammonia prevented  the acid-base reaction with the 
α-keto acid and led to the formation of α-hydroxy carboxylic acid byproducts; at higher pH the 
inactive iridium hydroxo species [Cp*Ir(bpy)(OH)]
+
 formed. Thus, careful control of the 
reaction conditions was necessary, and the highest yields of α-amino acids were achieved with 
ammonium formate and a pH between 5 and 6.5. 
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Scheme 1. Asymmetric reductive amination in Januvia synthesis. 
The first asymmetric reductive amination involving an ammonium salt was discovered by 
workers at Merck and applied to the synthesis of the Type II Diabetes drug, Januvia. Reaction of 
a 1,3 diketone with ammonium acetate formed the unprotected enamine. Asymmetric 
hydrogenation of the enamine with [Rh(cod)Cl]2 and the Josiphos ligand PhPF-t-Bu formed 
Januvia with greater than 99% conversion and 95% ee (Scheme 1). Deuterium labeling studies 
indicated that hydrogenation occurred from the imine tautomer of the enamine.  
1.2.1.3. Alkylation of ammonia with alcohols 
Many alkylamines are prepared on large scale by the reaction of an alcohol with 
ammonia.
10,11
 These processes are conducted with heterogeneous catalysts and require high 
pressures and temperatures. Significant amounts of alkanes and alkenes, as well as secondary 
and tertiary amine products form. Thus, a more selective coupling of alcohols with amines under 
milder conditions would be valuable.   
Reactions in which soluble transition-metal complexes catalyze the alkylation of amines 
with alcohols are now known.
12
 In these processes, the alcohol undergoes dehydrogenation to 
form a ketone, which reacts with an amine to generate an imine in situ. The imine then 
undergoes catalytic hydrogenation to form the product amine. Again, the formation of secondary 
and tertiary amines, as well as the low reactivity of ammonia toward formation of imines, 
complicates the development of the alkylation of ammonia with alcohols.   
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For example, the N-alkylation of ammonium salts with alcohols to form a mixture of 
secondary and tertiary amines was  reported for the first time by Fujita and coworkers in 2007.
13
 
The group showed that [Cp*IrCl2]2 catalyzes the multiple alkylation of ammonium acetate with 
benzylic and aliphatic alcohols and a catalytic amount of sodium carbonate at 130-140 °C to 
form tertiary amines (Scheme 2). The monoalkylated product was not obtained under either of 
these conditions.  
The alkylation of ammonia with alcohols was recently achieved by Milstein and 
coworkers.
14
 The ruthenium PNP pincer complex in equation 5 (Ru cat., eq 5) catalyzed the 
reaction of alcohols with 7.5 atm of ammonia  (eq 5). Benzylic alcohols, heteroarylmethyl 
alcohols and aliphatic alcohols reacted in good yields with high selectivity for formation of the 
primary amine. The corresponding imine was the major side product of the reaction when 
conducted in toluene, and the carboxylic acid was the major side product when conducted in 
water. 
 
Scheme 2. Multiple alkylation of ammonium salts catalyzed by [Cp*IrCl2]2. 
Shortly thereafter, Mizuno et al disclosed a ruthenium-catalyzed formation of nitriles 
from alcohols and ammonia.
15
 Benzylic or allylic alcohols, as well as aliphatic, aromatic and α,α-
unsaturated aldehydes, reacted with a THF solution of ammonia in the presence of the 
heterogeneous ruthenium hydroxide catalyst Ru(OH)x/Al2O3 at 120 °C to generate a nitrile 
11 
 
product (eq 6). Presumably the reaction occurred by a similar "hydrogen-borrowing"
12
 strategy 
employed for the N-alkylation of ammonia. The imine was converted further to a nitrile through 
metal-catalyzed aerobic oxidation. 
 
 
1.2.2. Catalytic reactions of ammonia occurring without direct coordination to the metal 
Coordination of unsaturated molecules such as olefins to transition metals often alters 
their electronic structure to that of an electrophile, making them susceptible to nucleophilic 
attack. The coordination sphere of the metal can then affect the regioselectivity and 
steroselectivity of the addition step. Catalytic processes involving such nucleophilic additions to 
coordinated ligands are well known and include olefin oxidation, olefin hydroamination, and 
allylic substitution.
16
 Although these reactions are known to occur with water, alcohols, and 
many nitrogen nucleophiles, such reactions were reported only recently with ammonia. In the 
following examples, catalytic processes are described in which iridium and palladium π-allyl 
intermediates and gold alkyne complexes react with ammonia to form primary amines, imines 
and enamines. 
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1.2.2.1. Allylic substitution and telomerization 
Allylic amination with nitrogen nucleophiles forms linear or branched amines, 
sulfonamides, and imides, depending on the identity of the catalyst.
17
 In contrast to these well-
documented reactions, allylic amination with ammonia to form primary allylamines was reported 
only recently. In 2007 Hartwig and co-workers demonstrated that a cyclometallated iridium 
complex catalyzes the allylation of ammonia.
18
 In this system, however, secondary amines were 
the exclusive products of the catalytic process. 
In 2009, Nagano and Kobayashi reported the reactions of allylic acetates and allylic 
carbonates with ammonia to form primary amines.
19
 In the presence of aqueous ammonia in 
dioxane, Pd(PPh3)4 catalyzed the amination of allylic acetates and carbonates at room 
temperature (eq 7). The asymmetric version of the reaction was demonstrated by the formation 
of 1,3-diphenylallylamine in 71% yield and 87% ee from the reaction of 1,3-diphenylallyl 
acetate with ammonia catalyzed by the combination of [PdCl(allyl)]2 and (R)-BINAP (eq 8). 
Although this reaction was the first allylic substitution with ammonia to form a primary allylic 
amine product with synthetically useful ee, it required high catalyst loadings (20 mol %), was 
conducted under dilute conditions, required a relatively long reaction time (18 h), and resulted in 
moderate enantioselectivity. 
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The iridium(I) cyclometalated complex (Ir cat, L = (R,R,R)-L1, eq 9) developed by 
Hartwig and co-workers catalyzed a broad range of asymmetric allylic substitutions with 
ammonia.
20
 The ethylene-bound precursor of the active catalyst (Ir cat, L = C2H4, eq 9) was 
stable to 2500 equivalents of ammonia (relative to the iridium catalyst). The monoallylamine 
products were obtained with an ee exceeding 96% and reaction times of 4-12 h at 30 °C.  In 
addition, acylation of the primary amine product forms the corresponding N-allyl amide, a 
product inaccessible by allylic substitution with amide nucleophiles. 
The telomerization of dienes with amines occurs through allyl intermediates that are 
related to those in allylic substitution reactions.  Prinz and Hölscher reported the biphasic 
telomerization of butadiene with ammonia catalyzed by Pd(OAc)2 and TPPTS or the isolated 
palladium ammine complex 1 with added monophosphine (eq 10).
21
 The reaction likely occurs 
by substitution of a monophosphine for an ammonia ligand, followed by oxidative coupling of 
two dienes to form an allyl intermediate. Outer-sphere attack of ammonia on the allylpalladium 
intermediate then forms two isomeric primary amine products, 2 and 3 (eq 10). The ratio of the 
combination of the primary amines to the combination of secondary and tertiary amines was high 
(>90-95% in most cases). 
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1.2.2.2. Hydroamination with ammonia 
Hydroamination is  the addition of the N-H bond of an amine across an unsaturated C-C 
bond. The transformation is thermodynamically favorable for the reaction of ammonia with 
ethylene to form ethylamine, but is less favorable for the reaction of ammonia or alkylamines 
with substituted alkenes.
10
  Hydroaminations of alkenes with ammonia occurs with 
heterogeneous catalysts, but  the reaction conditions require high temperatures and high 
pressures.
10
   
The hydroamination of alkenes with ammonia has not been achieved, but Lavallo et al 
reported the hydroamination of alkynes and allenes with ammonia in 2008.
22
 Several alkynes and 
allenes reacted over 3.5 hours at 160-175 °C with excess ammonia in the presence of 5-10 mol % 
of a gold(I)-CAAC complex (CAAC = cyclic alkyl aminocarbene, Au cat, eq 11) to form imines, 
nitrogen heterocycles and allylamines (eq 11). The type of product depended on the reagent; 
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terminal alkynes formed ketimines, internal alkynes formed N-vinyl ketimines, and diynes 
reacted with ammonia to form pyrroles. Reactions of allenes formed mixtures of primary, 
secondary and tertiary allylic amines, the ratio of which depended on the ratio of ammonia to 
allene. 
 
To probe the mechanism of the hydroamination of ammonia, the authors characterized a 
series of gold complexes formed in the presence of ammonia and 3-hexyne (Figure 2). Reaction 
of the gold arene precursor 4 with 3-hexyne formed the cationic gold alkyne complex 5. This 
complex was not stable in the presence of excess ammonia; the alkyne was replaced by ammonia 
to form the Werner-type gold ammine complex 6.  Consistent with this observation, the reagent 
alkyne did not displace the ammine.  Rather, the reaction of the ammine complex with excess of 
3-hexyne formed the gold-imine complex 7. This complex was proposed to form by 
intramolecular addition of the N-H bond across the alkyne, as the reaction occurred in the 
absence of additional ammonia. Although the gold-catalyzed hydroamination of alkynes with 
ammonia is a novel transformation, practical applications of such a reaction require that it occur 
with less reactive substrates, including alkenes, at lower temperatures, and with greater control of 
selectivity for primary amine products. 
16 
 
 
Figure 2. Au-NH3 and Au-alkyne complexes in hydroamination. 
1.2.3. Catalytic reactions of ammonia occurring through metal-amido complexes 
Parent amido complexes of late transition metals are rare, and few catalytic reactions 
have been discovered that proceed through this type of intermediate. In the single known 
example of a catalytic reaction occurring through a parent amido complex, an arylpalladium 
halide ligated by an electron-rich bisphosphine reacts with ammonia and base to form a parent 
amido complex.
23
 This amido complex then undergoes reductive elimination to form the 
arylamine product. A number of examples of palladium-catalyzed arylations of ammonia have 
been reported,
23-27
 and a parent amido complex of palladium is presumed to be an intermediate in 
all of these reactions.  Several copper-catalyzed cross-couplings of aryl halides with ammonia 
have also been reported.
28-31
 Because monomeric amido complexes of copper have been 
documented,
32
 a Cu-NH2 intermediate could be formed during these catalytic reactions. 
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However, the formation of such a species during these processes and the reactivity of these 
proposed intermediates have not yet been reported.   
1.2.3.1. Palladium-catalyzed coupling of ammonia with aryl halides 
The coupling of haloarene electrophiles with ammonia to produce monoarylamines in the 
presence of copper catalysts has been conducted on a tons-scale scale at high temperatures and 
pressures.
33
 However, the formation of hydrodehalogenated arenes, biaryl compounds, and 
constitutional isomers limit the utility of these protocols.
33
 To avoid these undesired side 
products, more recent cross-coupling reactions of aryl halides with ammonia surrogates have 
been developed.
34,35,36
 These reactions proceed in high yield under mild conditions, but the 
ammonia surrogates are more expensive than ammonia, and this approach requires deprotection 
of the initial coupling product.  
In 2006, Shen and Hartwig published the first palladium-catalyzed coupling of aryl 
halides with ammonia.
23
 Aryl chlorides, bromides, iodides and triflates coupled with ammonia in 
high yield and with high selectivity for the monoarylamine product (eq 12) under 80 psi of 
ammonia pressure with NaO-t-Bu base and 1 mol % of the preformed Josiphos-ligated 
palladium(II) complex (CyPF-t-Bu)PdCl2 (CyPF-t-Bu = 1-[2-
(dicyclohexylphosphanyl)ferrocenyl]ethyl-di-tert-butylphosphine) as catalyst. LiNH2 also 
coupled with aryl halides under similar reaction conditions, albeit with slightly lower 
selectivities for the monoarylamine. Shortly thereafter, Vo and Hartwig reported the formation of 
primary arylamines from reactions with the highly active, air-stable combination of [Pd(P-o-
tol3)2] and the CyPF-t-Bu  Josiphos ligand as catalyst.  These reactions occurred with catalyst 
loadings as low as 0.1 mol % and just 5 equiv of ammonia (eq 13).
27
 A wider variety of 
substituents on the aryl halide were tolerated than in the initial report, including base-sensitive 
18 
 
functional groups. Reactions of aryl chlorides occurred with this catalyst, and reactions of 
relatively stable aryl tosylates occurred for the first time. 
 
 
In 2007, Buchwald and co-workers reported a similar transformation catalyzed by the 
combination of  Pd2(dba)3 and the biarylphosphine ligand in eq 14.
24
 Five substrates – 
chlorobenzene, 3,5-di-tert-butyl bromobenzene, 2-phenylbromobenzene and two protected 
bromophenols – were converted to the corresponding arylamines. The selectivity for the 
monoarylamine remained high when the reactions were conducted with low pressures of 
ammonia. The authors also demonstrated that slight changes in the reaction conditions, namely, 
the concentration of substrate and equivalents of ammonia, could bias the reaction toward 
formation of di- and triarylamines. Evaporation of excess ammonia from the reaction vessel 
allowed for a one-pot synthesis of unsymmetrical di- and triarylamines.  
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In 2009, Schulz et al also disclosed a palladium-catalyzed protocol for the arylation of 
ammonia with aryl chlorides.
25
 The modular imidazole-based monophosphine ligand (8, eq 15) 
formed robust, air-stable catalysts with palladium that coupled ammonia with numerous aryl 
bromides and chlorides in high yields with high selectivity for the primary arylamine (eq 15). 
The method was conducted with the same 0.5 M solution in dioxane reported by Buchwald. 
However, these reactions were conducted at the high reaction temperature of 140 °C, and a 4:1 
ratio of ligand to palladium (2-4 mol % palladium) was needed for high yields with less reactive 
substrates.  
 
More recently, Stradiotto and co-workers have developed a catalyst for the cross-
coupling of amines and ammonia with aryl chlorides.
26
 This catalyst contains a structurally 
simple P,N phenylene ligand, which was synthesized in one-step by palladium-catalyzed 
coupling of 2-N,N-dimethylbromobenzene with di-t-butylphosphine (eq 16). With a modest 1 
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mol % of [Pd(allyl)(Cl)]2 and 8 mol % of the P,N phenylene ligand, the monoarylation of 
ammonia proceeded at low pressures and 110 °C with moderate selectivity for the 
monoarylamine. Although the selectivity for monoarylamine versus diarylamine was not nearly 
as high as that for previously reported couplings of ammonia, the use of a simple ligand makes 
this method attractive for larger scale reactions. 
 
1.2.3.2.  Copper-catalyzed coupling of ammonia with aryl halides and boronic acids. 
Copper salts have been utilized for many years as reagents or catalysts for Ullmann and 
Goldberg reactions of aryl halides with amines and other nitrogen nucleophiles.
33
 These systems 
are attractive because of their low cost. Traditional strategies for arylamine syntheses with 
copper require stoichiometric amounts of the metal and high temperatures,
33
 and, until recently, 
ammonia was rarely reported as the nucleophile in these processes. 
In 2001, researchers at Merck reported the first copper-catalyzed arylation of ammonia at 
low pressures and temperatures.
37
 The reaction proceeded with excellent selectivity for the 
monoarylamine  with a ligandless copper oxide catalyst in an 8 M solution of ammonia in 
ethylene glycol at 80 °C (eq 17). The scope of these reactions was largely limited to electron-
poor heteroaromatic halides, such as halopyridines, halothiazoles, and haloquinolines, and 
electron-poor arenes, such as 4-bromobenzophenone and 1-bromo-4-trifluoromethylbenzene. 
Aryl- and heteroarylchlorides did not react. The factors controlling selectivity for formation of 
primary vs secondary amines are not clear. 2-Bromopyridine gave a 4:1 ratio of primary to 
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secondary amine, while 3-bromo and 4-bromopyridine gave 20:1 to 30:1 ratios of the two 
products. 
 
Subsequent reports have focused on expanding the scope of the reaction and developing 
systems that operate with milder reaction conditions. Kim and Chang showed that a combination 
of CuI and L-proline with solid NH4Cl or aqueous ammonia and K2CO3 in a 5% water in DMSO 
solvent led to the amination of aryl iodides and activated aryl bromides at room temperature (eq 
18).
38
 Electron-poor aryl iodides reacted to give the highest yields of arylamines, especially those 
with nitro, alkoxycarbonyl and trifluoromethyl substituents. However, 2-methyliodobenzene and 
4-iodoanisole were less reactive under these conditions, yielding only 7% and 32% of the 
expected arylamine products, respectively. Electron-poor aryl bromides formed the primary 
amine product, but the electron-rich 4-bromoanisole formed the monoarylamine product in only 
~40% yield after extended reaction times.  
I
R + NH4Cl (1.3 equiv)
CuI (20 mol %)
L-proline (40 mol %)
NH2
R
K2CO3(3 equiv)
DMSO, H2O
RT, 12 h
L-proline =
R = p-Me, p-CH2OH, p-
C(O)CH3, p-C(O)OEt, p-
NO2, p-CF3, m-NO2, m-CN,
3,5-Me, p-Br
H
N O
OH
(18)
 
 
Taillefer and coworkers showed that less reactive substrates couple with ammonia in the 
presence of Cu(acac)2, the readily available 2,4-pentadione as ligand, and Cs2CO3 as a base (eq 
19).
29
 In the presence of this catalyst, a variety of aryl iodides, as well as unactivated aryl 
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bromides, coupled with aqueous ammonia in DMF at elevated temperatures to form 
monoarylamines.  
 
Subsequently, Wang et al reported copper-catalyzed coupling of aryl iodides with an 
aqueous solution of ammonia at room temperature.
30
 The combination of 5 mol % CuBr and a 2-
pyridinyl-β-ketone as ligand precursor (9, eq 20) with K3PO4 in DMSO led to the isolation of 
monoarylamines from aryl iodide substrates containing electron-rich, electron-poor, ortho, and 
heteroaryl substitutents. In a few cases, a temperature of 80 °C was required to achieve optimum 
yields. 
 
The Wolf group further simplified the copper-catalyzed cross-coupling with aqueous 
ammonia by introducing a ligandless process that operated under air and required no additional 
base additives.
28
  With 5 mol % of Cu2O in aqueous ammonia and NMP, aryl iodides and 
bromides containing a large range of functional groups, as well as bulky ortho substituents, were 
converted into the corresponding monoarylamines with high selectivity (eq 21). Even aryl 
chlorides were shown to be viable substrates for the cross-coupling reaction but required 
microwave heating for acceptable conversion and yield. 
23 
 
 
Later that year, Wu and Darcel published a set of related data and introduced the coupling 
of aryl iodides with aqueous ammonia catalyzed by a combination of iron and copper (eq 22).
31
 
In contrast to the report by Wolf  on the amination of aryl halides with ligandless copper oxide, 
Wu and Darcel stated that a maximum yield of 30% of the monoarylamine product was observed 
for reaction of iodobenzene with CuI as catalyst in the absence of an iron cocatalyst. The 
reaction proceeded with 10 mol % of both Fe(III) and Cu(I) salts in air in ethanol solvent with 
added sodium hydroxide base. Both electron-poor and electron-rich aryl iodides formed the 
arylamine in high yields, but aryl bromides did not form arylamines under the reaction 
conditions.  
 
To expand the scope of copper-catalyzed cross-coupling with ammonia, Rao et al 
reported the conversion of boronic acids to monoarylamines by reaction of aqueous ammonia 
with 10 mol % of a ligandless Cu2O catalyst at room temperature under air (Scheme 3, A).
39
 
Electron-rich, electron-poor, and more sterically demanding boronic acids were all claimed to be 
reactive. Lower yields were obtained with the substrates containing electron-withdrawing 
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substitutents, a trend opposite of that observed for copper-catalyzed coupling of ammonia with 
aryl halides. 
B(OH)2
+ NH3
Cu2O (10 mol %)
MeOH, RT, 12-24 h
(A)
NH2
Cu(OAc)2 (20 mol %)
PhCOOH (50 mol %)
EtCOOEt, 80 oC, 24 h
(B)
NH
2
 
Scheme 3. Cu-catalyzed coupling of ammonia with boronic acids. 
Subsequent work indicates that this reaction is more complex than originally described in 
initial publications. Zhou et al  demonstrated that reactions of boronic acids with aqueous 
solutions of ammonia and the copper(II) catalyst, Cu(OAc)2, generated exclusively diarylamine 
products (Scheme 3, B).
40
 Moreover, the reaction required an elevated temperature of 80 °C and 
a benzoic acid additive to achieve acceptable yields of the diarylamines.  
Thus, the copper-catalyzed coupling of ammonia with aryl halides and aryl boronic acids 
has been studied extensively, but a number of challenges remain. These challenges include 
identifying catalysts that react with high turnover numbers and at lower temperatures, identifying 
systems that react in less toxic and more easily separable solvents, and developing a catalyst that 
reacts with ortho-substituted aryl halides and with chloroarenes. 
1.2.4. Summary 
Until recently, homogeneous reactions of ammonia catalyzed by transition-metal 
complexes were rare. Prior to the emergence of many of the reactions described in this 
minireview, reactions of ammonia surrogates were used to prepare primary amines. Ammonia 
equivalents such as silylazides
35
 or silazanes,
41
 benzophenone imine,
34,36
 sulfonamides,
42
 and 
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allyl-
36
 or benzylamines
43
 were employed, but additional steps are then needed to generate the 
free primary amine. By developing catalytic reactions of ammonia itself, synthetic chemists can 
now access primary amines from alkenes, alcohols and aryl halides or psuedohalides. In some 
cases, relatively inexpensive combinations of metal complexes and ligand catalyze reactions of 
ammonia under mild conditions with little or no additional manipulations of functional groups. 
Much information remains to be gleaned about the reactivity parent amido complexes that are 
likely intermediates in some of these processes, but it is clear that the goal of developing 
reactions with ammonia catalyzed by late transition metals has quickly come to fruition.  
Chapter 1 will describe the experiments conducted to understand the reactivity of 
palladium parent amido complexes in the catalytic amination of aryl halides with ammonia. 
These studies fit into the broader goal of developing catalytic reactions with ammonia that 
proceed through intermediates of transition metal parent amido compexes. 
1.3. Overview of carbonylative cross-coupling reactions 
 In the last four decades, much progress has been made in expanding the scope of 
palladium-catalyzed cross coupling reactions, and the named reactions of Heck-Mizoroki, 
Suzuki-Miyaura, Sonogashira, Negishi, Kumada, and Stille are now common in organic 
synthesis.  In addition to these more visible cross-coupling procedures, there are a number of 
carbonylative variants of the same reactions. The palladium-catalyzed carbonylation converts 
aryl and vinyl halides to carboxylic acid derivatives in the presence of carbon monoxide.
44
  
Carbonylation reactions can be further classified based on the identity of the nucleophilic 
coupling partner and the resulting product: alkoxycarbonylation forms esters from reactions with 
alcohols, aminocarbonylation forms amides from reactions with amines, and carbonylative C-C 
cross coupling reactions form ketones with carbon nucleophiles. Major advances in the 
development of palladium-catalyzed carbonylation reactions will be mentioned below, as well as 
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some of the deficiencies in the current protocols. Further discussion of the reaction mechanism 
and its role in the development of new catalytic methods will be presented in chapter 3. 
1.3.1. Alkoxycarbonylation 
 Alkoxycarbonylation represents the most commonly utilized palladium-catalyzed 
carbonylative coupling reaction in industrial synthesis.
45
  First reported in 1974, aryl and vinyl 
iodides and bromides reacted with Pd(PPh3)4 under an atmosphere of CO with n-butanol and tri-
n-butylamine to form the corresponding ester products.
44
 In order to improve the efficiency of 
the catalyst, the Beller group investigated key steps in the catalytic cycle. They were able to 
demonstrate a catalyst turnover number of 7000 in the alkoxycarbonylations of aryl bromides 
with Pd(PPh3)4 or PdCl2(PhCN)2/PPh3.
46
 The organic base was proposed to have two roles: 
regenerating the Pd(0) catalyst from Pd(II) and deprotonating the alcohol nucleophile to react 
with an acylpalladium intermediate.  
The alkoxycarbonylation reaction is general for a variety of alcohol nucleophiles,
45
 but 
the more pressing challenge has been developing conditions that allow for the conversion of less 
reactive aryl chloride and aryl tosylate substrates. Milstein inferred that added CO can suppress 
the activity of the catalyst with less reactive substrates; therefore significant effort has been 
devoted to developing a catalyst/ligand combination that would activate aryl chlorides or 
tosylates in the presence of carbon monoxide.
47
 Significant progress was made with the catalyst 
combination of Pd(OAc)2 and the bisphosphine 1,3-bis(diisopropylphosphanyl)propane (dippp). 
Aryl chlorides reacted with n-butanol, methanol, and water in the presence of NaOAc base at 
150 °C under 5 atm CO (eq 23).  
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The Beller group also reported the carbonylation of aryl chlorides with [Pd(PhCN)2Cl2] 
and the Josiphos ligand CyPFCy (CyPFCy = 1-[2-
(dicyclohexylphosphanyl)ferrocenyl]ethyldicyclohexylphosphine).
48
 A variety of aryl chlorides 
coupled with n-butanol at 145 °C and in the presence of 0.5 mol % of the palladium precursos 
and 2 mol % of the ligand (eq 24). The Beller and Milstein reports constitute advances in the 
carbonylation of aryl chlorides, but the temperatures required for sufficient reactivity are still 
high. 
 
1.3.2. Aminocarbonylation 
 Palladium-catalyzed aminocarbonylation occurs through the reaction of aryl and vinyl 
halides and pseudo halides with carbon monoxide and amine nucleophiles and can be conducted 
under conditions similar to those reported for alkoxycarbonylation. Aminocarbonylation was 
first reported by Schoenberg and Heck in 1974.
49
 The complex (PPh3)2PdBr2 catalyzed the 
formation of benzamide products through the reaction of aryl and vinyl iodides and bromides 
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with aniline and butylamine under at atmosphere of CO. In this paper, the authors noted that the 
carbonylation with amines is faster than the carbonylation with alcohols, which led them to 
hypothesize a rate-determining step of nucleophilic attack on an acylpalladium intermediate. The 
specific steps in this reaction have been debated for decades, and the details will be further 
elaborated in chapter 3. 
 Recent reports by the Buchwald group have expanded the scope and the efficiency of 
palladium-catalyzed aminocarbonylation reactions. The aminocarbonylation of aryl bromides 
was accomplished with a Pd(OAc)2 and Xantphos catalyst, and a number of amine nucleophiles, 
including alkylamines, benzylamines, arylamines, and N-methoxy-N-methyl amines were 
effective for the formation of benzamides and Weinreb amides.
50
 But the complex generated 
from the combination of palladium and Xantphos cannot undergo oxidative addition of aryl 
chlorides, and so the group developed a new method to achieve reaction with aryl chloride 
substrates. In a subsequent report, the combination of Pd(OAc)2 and dcpp (1,3-
bis(dicyclophosphino)propane) with sodium phenoxide as a base was demonstrated to be 
effective for the aminocarbonylation of a variety of aryl chlorides with alkyl, benzyl, and 
arylamines under an atmosphere of CO (eq 25).
51
 Sodium phenoxide is believed to act as an acyl 
transfer agent by reacting with an acylpalladium chloride intermediate to form an intermediate 
phenyl ester. The intermediate ester, which can be detected in the reaction mixture, is then 
converted to the amide after reaction with the amine.  
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 Aminocarbonylation methods that avoid the use of CO have also been developed. N-
substituted formamides are convenient sources of the amide functionality, where a Vilsmeier-
type intermediate facilitates transfer of the amide group. The Bhanage and Hiyama groups 
reported the aminocarbonylation of aryl iodides and aryl bromides with Pd(OAc)2 and Xantphos 
or Pd(dba)2 with POCl3 as an additive to activate the formamide reagents (eq 26).
52
 These 
methods are viable for a number of N-alkyl and N-aryl-substituted formamides, but not 
formamide itself. A similar method has also been developed with DMF as the amide source and 
a Ni(OAc)2/phosphite catalyst.
53
  
 
Molybdenum hexacarbonyl, Mo(CO)6, can also serve as a non-gaseous source of CO. 
Palladium-catalyzed or molybdenum-mediated syntheses have been reported by the Larhed and 
Yamane groups. In the Larhed report, aryl iodides and bromides react with Herrmann’s 
palladacycle and tri tert-butyl phosphine in the presence of Mo(CO)6 and hydroxylamine as a 
source of ammonia to lead to benzamide products (eq 27).
54
 The method is general for a variety 
of substituents on the aryl halide and obviates the need for gaseous ammonia and carbon 
monoxide. In the procedure reported by Yamane, molybdenum mediates aryl-X bond cleavage 
and delivers molecules of CO.
55
 The reaction requires 20 mol % Mo(CO)6 and addition of an 
amine base and is applicable for a variety of aryl iodide and aryl bromide substrates (eq 28). Aryl 
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chlorides do react under the reported conditions but in lower yields. Primary amines, secondary 
amines, and ammonia react to form primary benzamides. However, a temperature of 150 °C is 
required. 
 
 
The direct synthesis of primary amides through aminocarbonylation is less 
straightforward.  The first reports focused on the indirect synthesis of a primary amide through 
palladium-catalyzed aminocarbonylation with an ammonia equivalent and subsequent 
deprotection. For example, reaction of iodobenzene with tert-butylamine under an atmosphere of 
CO followed by removal of the t-butyl group with TMDMSOTf (tert-butyldimethylsilyl triflate) 
formed benzamide (eq 29).
56
 Ueda et al have demonstrated the synthesis of aryl benzamides 
from aryl bromides, CO and N2 with the catalyst formed from the combination of Pd2(dba)3 and 
DPPF in the presence of NaO-t-Bu and titanium-nitrogen complexes (prepared from Ti(OiPr)4, 
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Li, TMSCl and nitrogen, eq 30).
57
 A number of byproducts were obtained, including 
diarylamides, arylnitriles, and arylamines. Ultimately, benzamide cannot be generated as the sole 
product with this method. 
 
 
Other organic molecules can also be used as sources of ammonia and CO as well. 
Formamide can be directly installed as an amide with a palladium-catalyzed carbonylation 
method. Aryl bromides and activated aryl chlorides react with a PPh3-ligated Pd(0) species to 
form an arylpalladium(II) complex that inserts CO into the Pd-aryl bond. Interception of this 
intermediate with imidizaole followed by reaction with formamide leads to arylamide products 
(eq 31).
58
  The Skrydstrup group has developed a two chamber system for the transfer of ex situ-
generated CO from a solid acid chloride.
59
 The CO is generated and then mixes in a separate 
chamber with an aryl iodide or aryl bromide, the Pd(dba)2 and Josiphos (PPF-t-Bu, Scheme 4) 
catalyst, ammonium carbamate (as the ammonia source) and NaHCO3 base (Scheme 4). The 
method is applicable for a large number of aryl bromides and iodides, as well as activated aryl 
tosylates. Aryl chlorides had significantly lower conversion rates (< 20%). 
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Scheme 4. “CO-free” carbonylation with an acid chloride. 
 Recently, two groups have reported the direct synthesis of primary benzamides with the 
ammonium salt or ammonia. In a 2008 review, Barnard referred to Johnson Matthey’s 
development of an aminocarbonylation of aryl iodides and bromides with bisphosphine-ligated 
PdCl2 complexes under 3 atmospheres of CO and with 1.1 equiv of NH4Cl.
45
 2-bromo-m-xylene 
required elevated temperatures (125 °C) to achieve full conversion, and significant amounts of 
benzoic acid byproduct are observed with sterically encumbered substrates. Two years later, the 
Beller group developed the aminocarbonylation of aryl halides in two “generations.” The first 
generation catalyst employed 2 mol % Pd(OAc)2 as a precatalyst and 6 mol % of the 
monophosphine cataXCium (n-butyl di-adamantyl phosphine, eq 32).
60
 With aryl bromides 
substrates, the reaction proceeded to full conversion with good yields.  However, aryl chlorides 
led to less than full conversion, and the isolated yields were generally poor.  To address this poor 
reactivity of aryl chlorides, the group developed a second generation catalyst consisting of 2 mol 
% Pd(OAc)2 and 3 mol % of the bisphosphine DPPF (bis-1,1’-diphenylphosphinoferrocene, eq 
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33).
61
 A slight increase in reactivity of aryl chlorides was observed. Though the methods for the 
palladium-catalyzed aminocarbonylation of aryl halides with ammonia to form primary 
benzamides have improved in the past two years, the lack of reactivity of unactivated aryl 
chlorides remains a significant problem. 
 
 
1.3.3. Carbonylative variants of classic cross-coupling reactions to form ketones 
 The three-component reaction between an aryl or vinyl halide, carbon monoxide, and a 
carbon nucleophile leads to the formation of asymmetrical ketones. A number of arylmetal 
reagents, such as magnesium,
62
 aluminum,
63
 silicon,
64
 and tin
65
 compounds will undergo 
carbonylative cross coupling reactions. However, the carbonylative methods for the preparation 
of ketones are more limited than the carbonylations of aryl halides with alcohols or amines 
presented above, due to the formation of byproducts that arise from the lack of a CO insertion 
step. This is especially true of the carbonylation of aryl halides with electron-deficient functional 
groups, which form Pd-aryl bonds that are much slower to undergo insertion of CO. 
1.3.3.1. Carbonylative Heck 
 The carbonylative Heck was first reported in 1968.
66
 At the time, aryl halides were 
known to react with arylmercuric salts to form biaryl products in the presence of a palladium 
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catalyst. When CO was added to the reaction, biaryl ketones, as well as aryl ester and acid 
chloride byproducts, were formed. Ultimately, the palladium catalyst was supplanted by for a 
rhodium(I) catalyst, which gave a higher selectivity for the biaryl ketone products. Since this 
initial report, a number of protocols for the palladium-catalyzed carbonylative Heck reaction 
have appeared. The most recent study by Beller and co-workers demonstrated the carbonylation 
of aryl iodides and bromides with styrene derivatives in the presence of the catalyst formed from 
the combination of [(cinnamyl)PdCl]2 and the ligand L2 shown (eq 34). 
 
1.3.3.2. Carbonylative Suzuki 
 The Suzuki carbonylation was introduced by Suzuki in 1993 and proceeds through the 
carbonylation of aryl iodides with 1 atm of CO and arylboronic acids.
67
 The (PPh3)2PdCl2 
catalyst was reactive at 3 mol % loading in the presence of K2CO3 in anisole at 80 °C. Five years 
later, the reaction was elaborated to include aryl bromide and aryl triflate substrates and a variety 
of arylboronic acids.
68
 The complexes (PPh3)2PdCl2 and (dppf)PdCl2 were employed at 3 mol % 
with K2CO3 and KI to form the biaryl ketone products (eq 35). 
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 In 2003, the Beller group published a method for the carbonylative Suzuki reaction of 
aryl bromides. In a screen of possible catalysts for the reaction, Pd(OAc)2 and the 
monophosphine cataCXium (n-butyl-di-adamantyl phosphine) formed biaryl ketones in the 
highest yields and with the highest selectivity for the ketone product (eq 36). A higher pressure 
of CO is required (5-10 atm), especially for the reaction of heteroarylboronic acids.  
 
1.3.3.3. Carbonylative Negishi 
 The carbonylative Negishi reaction is even less developed than the carbonylative Suzuki 
and Heck reactions. The first transformation of aryl halides with alkyl- or benzylzinc reagents 
and CO to form aryl ketones was reported by Yoshida and co-workers in 1983.
69
 The reaction 
proceeded via the generation of alkylzincs in situ from primary and secondary alkyl iodides, 
which coupled with aryl iodides under an atmosphere of CO and with 2 mol % Pd(PPh3)4 at 50 
°C. When benzyl iodides were exchanged for alkyl iodides, a significant amount of bibenzyl was 
observed.  
 A more recent report from the Martin group focused on the carbonylative Negishi 
reaction for the synthesis of sterically hindered aryl ketones. Three examples of the reaction of 
2,6-disubstituted aryl iodides with alkynylzinc reagents and the PEPPSI-IPr catalyst were 
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reported. At 80 °C and under 4-12 atm of CO, good yields of the aryl-alkyl ketone were obtained 
(eq 37).  
 
1.3.4. Summary 
 Although this section has only highlighted some of the palladium-catalyzed carbonylation 
reactions, it has demonstrated the importance of carbonylation reactions in synthetic chemistry 
for introducing carboxylic acid-derived functional groups. Conducting experiments with high 
pressures of a toxic gas like carbon monoxide can be cumbersome and dangerous, especially on 
the laboratory-scale and without specialized pressure reactors. However, improvements in 
carbonylation reactions have lowered the pressures and temperatures, and these reactions are 
much safer and easier to conduct in the lab.  
 Chapter 3 will focus on the development of a palladium-catalyzed carbonylation of aryl 
halides with ammonia to form primary benzamides. In addition to detailing the methods 
development in these studies, the chapter will also reveal a number of mechanistic studies 
detailing the resting state of the catalyst and the reactivity of a number of intermediates in the 
catalytic cycle. These findings will contribute to the future development of new palladium 
catalysts for carbonylation reactions.  
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1.4. Overview of palladium-catalyzed cyanation reactions 
 The benzonitrile structure is an integral component of pharmaceuticals, dyes, 
agrochemicals, herbicides, and natural products.
70,71
 The drugs Fadrozole (a non-steroidal 
aromatase inhibitor), Periciazine (an antipsychotic), Letrozole (an aromatase inhibitor), 
Citalopram (an antidepressant), and Cyamemazine (a tranquilizer) all contain benzonitrile 
functional groups (Figure 3). 
 
Figure 3. Common pharmaceuticals that contain a benzonitrile group. 
 The benzonitrile functionality is also important as a synthetic handle for the 
transformation into other functional groups. The antidepressant fluvoxamine is synthesized 
through nucleophilic addition to a benzonitrile (Scheme 5). The benzonitrile is generated via 
nickel-catalyzed cyanation of 4-chlorobenzotrifluoride on the ton-scale.
71
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Scheme 5. Synthesis of Fluvoxamine from the p-trifluoromethylbenzonitrile precursor. 
1.4.1. Non-catalytic and stoichiometric, metal-mediated preparation of benzonitriles 
Arylnitriles are most commonly synthesized through the Rosenmund-von Braun reaction 
of aryl halides or the diazotization of anilines in the Sandmeyer reaction. Compared to the 
industrial synthesis of arylnitriles, however, these methods are dwarfed by the tons-scale 
ammoxidation of toluene and some toluene derivatives. In the ammoxidation process, the arene 
is heated over a fixed-bed catalyst with oxygen and ammonia at temperatures exceeding 500 
°C.
70,72
  
Copper is a relatively inexpensive transition metal, but both the Rosenmund-von Braun 
and Sandmeyer reactions require stoichiometric amounts of copper cyanide (which generate 
stoichiometric amounts of copper halide waste). The Rosenmund-von Braun reaction operates at 
temperatures of 150-250 °C in the polar solvents DMF or DMSO. Also, aryl bromide and aryl 
chloride substrates are far less reactive than the more expensive aryl iodide analogs. The 
substrates that can be tolerated in the ammoxidation process are even more limited, as the high 
temperatures and pressures are too extreme for many sensitive functional groups. Furthermore, 
only a few toluene derivatives are readily available on such a large scale.
70,71
  
Benzonitriles can also synthesized without transition metals through the dehydration of 
benzamides,
73
 the Letts nitrile synthesis from the reaction of aryl carboxylic acids with metal 
thiocyanates,
74
 and the Houben-Fischer synthesis from the basic hydrolysis of trichloromethyl 
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aryl ketimines.
75
 The dehydration of benzamide can be accomplished with or without a metal 
catalyst.
76
 
1.4.2. Non-palladium-catalyzed cyanation methods 
 In 1973, Cassar reported one of the first transition metal-catalyzed cyanation reactions of 
aryl halides with a nickel(0) catalyst that operated under relatively mild conditions.
77
 The work 
first appeared in an Italian patent in 1972, so the method predates the palladium-catalyzed 
reaction by one year. Here, Ni(PPh3)4 reacted with aryl iodides, bromides, and chlorides and 
NaCN in ethanol at temperatures of 50-60 °C. While this catalyst is effective for the 
transformation of many aryl halides, it does not react with o-substituted substrates. 
 Sakakibara et al described the cyanation of aryl bromides and chlorides with KCN in the 
presence of a NiBr2(PPh3)2-Zn catalyst in HMPA at 40-80 °C.
78
 The Zn is added to reduce Ni(II) 
to Ni(0) in situ. It was noted that the cyanide ion affected the oxidative addition of aryl halides to 
nickel, presumably due to the formation of [Ni(PPh3)3(CN)]
-
, which does not oxidatively add 
aryl halides. 
1.4.3. Palladium-catalyzed cyanation of aryl halides 
 The first palladium-catalyzed cyanation of aryl halides was reported by Takagi in 1973.
79
 
With potassium cyanide as the cyanide agent, aryl iodides and aryl bromides reacted with 
Pd(CN)2 or Pd(OAc)2 in DMF at 120-150 °C. Takagi noted that excess cyanide ions poison the 
catalyst, and this drawback of the cyanide nucleophile has limited the development of new and 
more efficient methods. 
 Prior to the mid-1990s, the palladium-catalyzed cyanation reaction was most effective for 
aryl iodide and aryl bromide substrates in polar, aprotic solvents and temperatures above 80 °C. 
Relatively simple Pd(0) or Pd(II) precatalysts were employed, and often additional phosphine 
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ligands were not required. A number of additives were shown to enhance product yields, 
including potassium hydroxide, potassium carbonate, sodium ethoxide, sodium phenoxide, or 
aluminum oxide.
80
 Ultimately, the turnover numbers in these early systems (10-50) are quite low 
compared to other palladium cross-coupling reactions.
70,71
  
1.4.3.1. NaCN or KCN cyanide sources 
From an industrial standpoint, sodium and potassium cyanide are the most practical 
sources of the cyanide ion. They are, however, particularly poisonous to palladium catalysts, due 
to higher solubility in organic solvents and fast ligand substitution with palladium halides.
70
 
(They are also one of the most toxic sources of cyanide for palladium-catalyzed cyanation 
reactions). An important goal for industry is to develop protocols for palladium-catalyzed 
cyanation reactions with NaCN or KCN under mild conditions and with a wider variety of 
substrates. 
 Shortly after Takagi’s first report, Sekiya and Ishikawa reported the cyanation of 
iodobenzene with KCN and 20 mol % Pd(PPh3)4.
81
 The catalyst loading was high in this case, 
and no other aryl halide substrates were reported.  Subsequent procedures demonstrated a wider 
substrate scope, but in most cases, large amounts of additives such as alumina, copper or zinc 
metal, or organotin compounds were required.
70,72
  
In 2001, Beller and co-workers described the palladium-catalyzed cyanation of aryl 
chlorides with KCN and N,N,N’N’-tetramethylethylenediamine (TMEDA) in the presence of 
Pd(OAc)2 and dpppe.
82
 In a subsequent report, TMEDA was replaced by the amine co-catalyst 
1,1’-methylenedipiperidine (MDP).
71
 By changing the amine co-catalyst, a larger number of 
unactivated and sterically hindered aryl chlorides were reactive at 160 °C in toluene (eq 38). 
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In 2010, Ushkov and Grushin applied knowledge from previous mechanistic studies to 
design a cyanation protocol with mild conditions.
83
 The goal was to achieve high reactivity with 
NaCN as the cyanide source in an easily recycled solvent (in this case, THF) without “large 
amounts” of additives. Pd(dba)2 was combined with PtBu3 and zinc or calcium hydride 
reductants to reactivate catalytically inert Pd(II) species (eq 39). Aryl bromides with numerous 
substitution patterns yielded nearly quantitative amounts of benzonitrile products at a 
temperature of 70 °C. Under the same reaction conditions, however, the conversions of aryl 
chlorides were less than 10%, even at a temperature of 110 °C. 
 
The ability to cross-couple aryl halides with KCN is also important for pharmacokinetic 
studies. 
14
C-labeled cyanide is available as [
11
C]KCN through the combination of [
11
C]HCN and 
KOH. The half-life of 
11
C is approximately 20 minutes,
84
 and cross-coupling reactions of aryl 
halides and KCN catalyzed by palladium must proceed in high yield with short reaction times. 
Andersson and Långström reported the synthesis of 
11
C-labeled benzonitriles via the reaction of 
aryl iodides, bromides, and triflates mediated by Pd(PPh3)4.
85
 Reaction times were less than 5 
minutes in THF or DMSO at 90 °C. The radiochemical yields were greater than 90% in many 
cases. 
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1.4.3.2. Reactions with Zn(CN)2 
 Zinc cyanide is an attractive source of the cyanide ion, because it is less toxic than 
sodium or potassium cyanide. The zinc salt is also considerably less soluble in organic solvents, 
and cyanide is released more slowly into the reaction mixture. Both of the cyanide ligands are 
available for transfer to the product, but the reaction does produce stoichiometric amounts of 
heavy metal waste. The application of Zn(CN)2 in the palladium-catalyzed cyanation reaction 
was first documented by Tschaen et al at Merck in 1994 in the synthesis of the pharmaceutical 
molecule MK-0499.
86
  
 A number of new methods for the palladium-catalyzed cyanation reaction have appeared 
since the initial 1994 report. Maddaford and coworkers developed a room temperature 
palladium-catalyzed cyanation protocol with Pd2(dba)3 and the monophosphine PtBu3.
87
 Littke et 
al at BMS reported the cyanation of aryl chlorides with Pd(tfa)2/PtBu3 (tfa = trifluoroacetate) or 
[Pd(PtBu3)2] at temperatures in the range of 80-95 °C (eq 40).
88
 The catalyst loading of 5 mol % 
is low compared to other methods for the cyanation of aryl chlorides. Potential drawbacks are 
that Pd(tfa)2 is more costly than other sources of Pd(II), and nearly 10 mol % of the ligand is 
needed. In 2000, Jin and Confalone at Du Pont disclosed the cyanation of aryl chlorides with 2 
mol % Pd2(dba)3 and 4 mol % dppf in DMA at temperatures of 120-150 °C (eq 41).
89
 Like many 
cyanation protocols, this method requires the addition of 12 mol % elemental zinc for high yields 
of the benzonitrile products.  
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1.4.3.3. Reactions with K4[Fe(CN)6] 
Potassium hexacyanoferrate(II) (K4[Fe(CN)6]) is a relatively new reagent for the 
cyanation of aryl halides. The iron complex of cyanide is the least toxic source of cyanide 
highlighted in this chapter, and all six cyanide ligands are available as cross coupling partners. 
K4[Fe(CN)6] is poorly soluble in most organic solvents and is therefore less poisonous to the 
catalyst. The cyanide reagent was first introduced in the palladium-catalyzed cyanation by Beller 
and co-workers in 2004 for the reaction of aryl bromides with Pd(OAc)2 and dppf in NMP at 120 
°C.
90
 This report was followed by a method for the cyanation of aryl chlorides with Pd(OAc)2 
and the monophosphine cataCXium (di(1-adamantyl)-n-butylphosphine).
91
 The highest yields of 
aryl chlorides were achieved with the hydrate of K4[Fe(CN)6] in NMP or DMA at 140-160 °C. 
Similar to many cyanation reactions, a catalytic amount of additive – in this case, Na2CO3 – was 
required to achieve the highest reactivity (eq 42).  
 
 Yeung et al have explored the breadth of substrates reactive with a palladium catalyst and 
K4[Fe(CN)6] for the generation of arylnitriles.
92
 In the presence of 2 mol % Pd(OAc)2 and 8 mol 
% of the monophosphine ligand CM-phos, aryl tosylates and aryl mesylates were converted to 
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the corresponding benzonitriles in high yields. A combination of water and t-butanol was the 
best solvent for the reaction, and a catalytic amount of K2CO3 promoted reactivity (eq 43). The 
temperature of 70 °C was mild compared to many cyanation protocols. The method was also 
applicable to the cyanation of aryl chlorides with a few changes: the solvent was switched to 
water/acetonitrile, the temperature was raised to 80 °C, and the amount of ligand was reduced by 
half to 4 mol %. 
 
1.4.3.4. Reactions with other cyanide sources  
Organic cyanide reagents can also deliver equivalents of the cyanide anion.  
Cyanohydrins equilibrate with the corresponding ketone and HCN in solution. Because the 
equilibrium favors the cyanohydrin, cyanide is released slowly in the reaction mixture. A number 
of research groups have employed cyanohydrins in the cyanation of aryl halides.
70,72
 In 2003, 
Beller and co-workers had success coupling aryl bromides and activated aryl chlorides with a 
Pd(OAc)2 and dpppe (dpppe = 1,5-bis(diphenylphosphanyl)pentane) catalyst and acetone 
cyanohydrin with the aid of a syringe pump (eq 44).
93
  The slow delivery of the cyanohydrin 
reagent circumvents catalyst deactivation. 
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 Trimethylsilylcyanide (TMSCN) is another organic source of cyanide. The first 
palladium-catalyzed cyanation with TMSCN was reported by Chatani and Hanafusa in 1986.
94
 
With trimethylamine as the solvent, a variety of aryl iodides coupled with 2 mol % Pd(PPh3)4 
and TMSCN at reflux. The method is less effective for aryl bromides and aryl chlorides, 
presumably due to catalyst deactivation of the soluble liquid TMSCN. Methods involving slow 
dosage of TMSCN were also successful, as Beller and co-workers again demonstrated in 2003.
95
 
With 2 mol % Pd(OAc)2 and dpppe, a large number of aryl bromides and activated chlorides 
were converted into aryl nitriles (eq 45). 
 
1.4.3.5. Mechanistic considerations 
Researchers have long proposed that additives can have a significant impact on the 
stabilization of the catalyst and the regeneration of inactive species. Mechanistic insights by the 
Grushin group,
96
 the Beller group,
95
 and a group at BMS
97
 provided a deeper understanding of 
the roles of additives, solvents, and even the sources of cyanide salts in the cyanation reaction. 
Sundermeier et al reported a new method for the cyanation of aryl chlorides and followed up 
with an investigation of the role of the added TMEDA (N,N,N’,N’-tetramethylethylenediamine) 
or MDP (1,1’-methylenedipiperidine) nitrogen bases.
71
 In the absence of the base, a higher 
concentration of catalyst is required. The group investigated which elementary steps of the 
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catalytic cycle are affected by the amine co-catalyst. Both oxidative addition and the proposed 
reductive elimination step are influenced by the presence of TMEDA. The reaction of Pd(PPh3)4 
with 4-bromobenzotrifluoride leads to the formation of 4-trifluoromethylbenzonitrile in the 
presence of NBu4CN and TMEDA; when TMEDA is omitted, only Pd(0) cyanide complexes are 
formed (with no arylnitrile detected). Additionally, reaction of NBu4CN with (PPh3)2Pd(C6H4-p-
CF3)(Br) forms 4-trifluoromethylbenzonitrile when TMEDA is present.  If the amine is excluded, 
no aryl nitrile product is formed. 
A few years later, the Grushin group demonstrated the decomposition pathways of the 
Pd(0) precatalyst and proposed Pd(II) intermediates in the presence of NBu4CN.
96
 Pd(PPh3)4 
reacts with NBu4CN to form [Pd(CN)4]
2-
 and [(CN)3Pd(H)]
2-
, which are inactive for the oxidative 
addition of aryl halides. The Pd(II) intermediate [(PPh3)2Pd(Ar)(X)] also reacts with excess 
NBu4CN and forms [(CN)3Pd(Ar)]
2-
, another species that is considered a “poisoned” form of the 
catalyst (Figure 4). All of these palladium cyanide complexes are stable and do not react with 
aryl halides or form aryl nitrile products. 
Figure 4. Poisoning of Pd precatalyst and proposed arylpalladium halide intermediate in the 
presence of excess cyanide. 
 Researchers at BMS conducted a number of studies on the cyanation of bromobenzene 
with Zn(CN)2 in order to gain information about the proposed transmetalation step in the 
catalytic cycle.
97
 Catalytic reactions were examined with the catalyst formed from Pd(dba)2 and 
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dppf in the absence and presence of a number of common additives. In the absence of water or 
Zn and ZnBr2, the rate-limiting step is proposed to be transmetalation, which is dependent on the 
solubility of Zn(CN)2 (and the amount of cyanide available in solution). Catalytic reactions 
conducted without additives are zero-order in bromobenzene. However, when small amounts of 
water are added (~ 1.2%), the reaction rate is independent of the amount of Zn(CN)2 ,and the 
reaction becomes first-order in bromobenzene. Similarly, the reaction is zero-order in cyanide 
when ZnBr2 is added.  
1.4.4. Summary 
 Although this overview of palladium-catalyzed cyanation reactions is far from 
comprehensive, it is demonstrative of the large number of different protocols available to 
researchers for the synthesis of aryl nitriles from aryl halides or aryl sulfonates. Until recently, 
however, many of these protocols have involved stoichiometric amounts of additives and high 
temperatures to maintain the activity of the catalyst and achieve good yields of the aryl nitrile 
products. Newer methods are straightforward and require moderate temperatures, no pre-mixing 
of the catalyst, relatively non-toxic sources of cyanide, and only catalytic amounts of additives. 
 Chapter 4 will describe the application of a previously developed palladium catalyst for 
the cross coupling of aryl halides with amines and ammonia towards the cross coupling of aryl 
halides with cyanide. Because this palladium precursor and ligand combination forms an active 
catalyst that is not easily deactivated by the presence of reagents that bind strongly with 
transition metals (such as amines or alcohols),
98
 it is also an effective catalyst for cross coupling 
of cyanide. Chapter 5 will detail the mechanistic studies conducted towards understanding the 
reductive elimination reaction of arylnitriles from a proposed arylpalladium cyanide complex. 
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Chapter 2: Slow Reductive Elimination of Arylpalladium Parent Amido 
Complexes 
2.1. Introduction 
Parent amido complexes of the late transition metals are rare, and few classes of catalytic 
or stoichiometric reactions have been discovered that occur through such species. The existing 
stoichiometric reactions demonstrate that this class of compound is highly basic at nitrogen,1,2 
but studies of reaction chemistry have been limited to proton exchanges with weak acids,1,2,3 
insertions of CO into the N-H bond,4 and reductive eliminations of ammonia.5 The recently 
discovered palladium-catalyzed coupling of aryl halides with ammonia is likely to occur through 
parent amido complexes,6-9 but only one potential amido intermediate in this process has been 
generated, and it was investigated briefly.6 Thus, no study reveals the relative thermodynamic 
stability and reactivity of parent amido complexes versus the analogous alkyl- and arylamido 
complexes containing the same ancillary ligands. 
In this chapter, we report the results from studies of a series of arylpalladium amido 
complexes containing bisphosphine ligands that contradict several established trends. The parent 
amido complexes we generate are more stable thermodynamically than amides derived from 
more acidic amines, undergo reductive elimination when ligated by only a select set of 
bisphosphines, and reductively eliminate more slowly than complexes containing less basic 
arylamido and more basic alkylamido ligands. They are sufficiently stable that the arylpalladium 
amido complex is even the resting state of the catalyst bound by a hindered alkylbisphosphine 
ligand. 
2.2. Background 
In 2006, Shen and Hartwig reported the first palladium-catalyzed amination of aryl 
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halides with ammonia to generate aniline products.6 In this first report, an arylpalladium complex 
was synthesized and characterized, and its ability to undergo reductive elimination of an aryl 
amine was demonstrated. Despite the high selectivity for monoarylamines over diarylamines in 
the catalytic reaction, the stoichiometric reaction resulted in a 1:1 ratio of monoarylamine to 
diarylamine (eq 46).  
 
At the time of the publication, it was hypothesized that a large amount of ammonia was 
necessary to form arylamines in high selectivity. However, in 2010, Vo and Hartwig further 
elaborated on the process by expanding the scope of the reaction to include less reactive aryl 
chloride and aryl tosylate substrates and lowering the amount of catalyst needed to effect the 
process.7 The authors showed that a 0.5 M solution of ammonia in dioxane instead of 200 psi of 
the gas was sufficient to achieve high selectivity for the monoarylamine (eq 47). 
 
The high selectivity for monoarylamines in the catalytic reaction was in such stark contrast to the 
stoichiometric reaction of the proposed arylpalladium amido cha 
intermediate, that further investigation of the reactivity of arylpalladium parent amido complexes 
was warranted. Furthermore, understanding the reactivity of this arylpalladium parent amido 
complex as an intermediate in a catalytic reaction could lead to the development of new catalytic 
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reactions with ammonia and intermediate parent amido complexes. 
2.3. Results and Discussion 
2.3.1. Synthesis of arylpalladium parent amido complexes with bisphosphine ligands 
 We first attempted to synthesize arylpalladium parent amido complexes with ancillary 
ligands other than the Josiphos ligand CyPF-t-Bu (Figure 5). The ligands included the 
bisphosphines bis-1,1’-(diphenylphosphino)ferrocene (DPPF), bis-1,1’-(di-iso-
propylphosphino)ferrocene (DiPPF), 2,2'-bis(diphenylphosphino)-1,1'-binaphthyl (BINAP), 4,5-
bis-(diphenylphosphino)-9,9-dimethylxanthene (Xantphos), bis(diphenylphosphino)pentane 
(dppp), as well as the Josiphos derivatives CyPFCy and PhPF-t-Bu. Reductive elimination of 
arylamines from arylamido and alkylamido complexes ligated by DPPF have been reported 
previously,10 and similar reactions of arylpalladium amido complexes ligated by BINAP are 
likely to occur during reactions catalyzed by palladium complexes of this ligand.11 A number of 
possibilities for the syntheses of parent amido complexes were proposed, including (1) 
transmetalation of an arylpalladium halide species with alkali amide salts; (2) ligand substitution 
of the halide with ammonia and subsequent deprotonation; (3) halide abstraction with a silver 
salt, followed by deprotonation of the palladium ammine; and (4) reaction of a basic palladium 
hydroxo complex with ammonia. None of these reactions led to the isolation or even generation 
of an arylpalladium parent amido complex. For the marjority of the reactions of complexes 
ligated by the bisphosphines described above, only unidentified palladium decomposition 
products and trace amounts of biaryl compounds were observed. We were able to synthesize a 
BINAP-ligated arylpalladium ammine complex, but deprotonation with KHMDS resulted in the 
decomposition of the palladium complex and a trace amount (< 5%) of diphenylamine (Scheme 
6). Consistent with these results, the combination of a Pd(0) precatalyst and one of the 
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bisphosphine ligands listed above does not catalyze the monoarylation of ammonia under the 
previously described conditions for reactions catalyzed by CyPF-t-Bu-ligated palladium.6 These 
data imply that arylpalladium parent amido complexes react differently than other aryl- or 
alkylpalladium complexes and may be more likely to undergo competing side reactions. 
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Figure 5. Synthetic routes to bisphosphine-ligated arylpalladium parent amido complexes. 
 
Scheme 6. Synthesis of BINAP-ligated arylpalladium ammine complex and its reaction with 
base to form products of decomposition. 
2.3.2. Reductive elimination of Josiphos-ligated arylpalladium parent amido, arylamido and 
alkylamido complexes 
Our synthesis of arylpalladium parent amido complexes 2a-2d containing the Josiphos 
ligand CyPF-t-Bu is summarized in eq 48. These complexes were generated by combining 
arylpalladium bromide precursors, (CyPF-t-Bu)Pd(Ar)(Br) (Ar = p-tolyl, p-anisyl, o-tolyl, o-
anisyl), 1 atm of ammonia, and 1.4 equiv of NaO-t-Bu base. Conversion of 1a-1d to the amido 
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complexes occurred within minutes but decomposed at room temperature. These complexes were 
found to be stable enough at -30 °C to be characterized in solution by low temperature 1H and 
31P NMR spectroscopy and infrared spectroscopy, including data on 15N-labeled analogs. 
 
We also generated arylpalladium arylamido and alkylamido complexes to compare their 
reactivity to that of the arylpalladium parent amido complexes. Arylamido complexes 3a and 3b 
were generated in 70 and 60% yield, respectively, according to the reaction shown in eq 49. The 
arylpalladium complexes were noticeably less stable than the parent amido counterparts and 
were generated and characterized by 31P and 1H NMR spectroscopy at -30 °C. Although we were 
able to generate arylpalladium parent amido complexes containing ortho substituents on the 
palladium-bound aryl ligand, arylpalladium anilido complexes containing ortho substituents on 
the aryl ligand did not form at or below room temperature. The slow formation of such ortho-
substituted arylpalladium arylamido complexes is consistent with the selective formation of 
primary vs. secondary arylamines from the catalytic coupling of ammonia with ortho-substituted 
aryl halides.7 
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 Reaction of the arylpalladium bromide complex 1a with iso-butylamine and NaO-t-Bu at 
-30 °C did not lead to observable quantities of an alkylamido complex; instead, the N-alkyl 
aniline product, as well as (CyPF-t-Bu)Pd(PPh3) (which would form by reductive elimination 
from the arylpalladium iso-butylamido complex in the presence of PPh3), were the only species 
observed (in yields of > 90% and > 98%, respectively).  
 Both parent amido complexes and arylamido complexes ligated by CyPF-t-Bu (and 
presumably the alkylamido analog) undergo reductive elimination, as shown in Schemes 2 and 3. 
In the presence of 2 equiv of PPh3 to trap the Pd(0) product, the complexes ligated by CyPF-t-Bu 
formed primary arylamines in 50-86% yield for the two-step sequence at room temperature; the 
reductive elimination step formed the arylamine in 60-90% yield and the Pd(0) species in 55-
85% yield. The aniline products formed in higher yields when the complexes were reacted at 
higher temperatures, the largest difference being observed for the reductive elimination of p-
toluidine from 2b.  
 Reactions of the arylpalladium anilides 3a and 3b occurred rapidly at room temperature 
to form diarylamines in 36 and 53% yield for the two-step sequence and 60-70% for the 
reductive elimination step. This fast reductive elimination from the arylamido complex at room 
temperature, as well as the fast formation of the N-alkyl arylamine from the reaction of 1a with 
iso-butylamine and NaO-t-Bu, shows qualitatively that reductive elimination from the parent 
amido complex is slower than from both more electron-poor arylamido complexes and more 
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electron-rich alkylamido complexes. 
Rate constants for reductive eliminations from the parent amido (Scheme 7) and 
arylamido complexes (Scheme 8) in the presence of 2 equiv of PPh3 as determined by 
31P NMR 
spectroscopy at room temperature are shown in Tables 1 and 2. Reactions conducted with 2, 4, 
and 8 equiv of added PPh3 occurred with indistinguishable rate constants, indicating that the 
reductive elimination is zero-order in added phosphine and occurs directly from the 
arylpalladium amide. 
 
Scheme 7. Generation and reductive elimination of arylpalladium parent amido complexes. 
Table 1. Rates of reductive elimination of complexes 2a-2d 
Complex Solvent kobs (s
-1
)
 b,c,e 
2a, R= p-OMe Dioxane 7.5 x 10-6 
2b, R = p-Me Dioxane 5±1 x 10-5 
2c, R = o-OMe Dioxane 4.2 x 10-5 
2d, R = o-Me Dioxane 3.0 x 10-4 
2b, R = p-Me Dioxane 3.6 x 10-5 e 
2b, R = p-Me Dioxane 4.0 x 10-5 f 
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Scheme 8. Generation and reductive elimination of arylpalladium arylamido complexes. 
 Table 2. Rate constants for the reductive eliminations of arylamido complexes 3a-3b. 
Complex Solvent k (s
-1
) 
b,c 
3a, R = p-OMe THF:Dioxaned 8.7 x 10-4 
3b, R = p-Me THF:Dioxaned 7±2 x 10-3 
   
a
 GC yield of monoarylamine or diarylamine at 20 °C for the reductive elimination step. 
b At 20 
°C.  c Determined by monitoring the decay of the amido or arylamido complex by 31P NMR 
spectroscopy. d THF:dioxane mixture of 3:2. e Average of 2-4 runs. A standard deviation is 
provided for the cases that are run more than twice and have the largest errors; the rate constants 
for cases run twice are within 5% of each other. f Amido complex generated with KO-t-Bu as the 
base. g Amido complex generated with LiO-t-Bu as the base. 
 
 The data in Table 1 reveal large differences in the rates of reductive elimination from the 
various arylpalladium parent amido complexes. The rate constant for reductive elimination from 
the para-anisyl complex 2a was an order of magnitude smaller than that from the less electron-
rich para-tolyl complex 2b. Complexes 2c and 2d containing an ortho substituent on the aryl 
ligand underwent reductive elimination nearly 50 times faster than those containing the same 
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group as a para substituent.  
 A quantitative assessment of the relative rates for reductive elimination from complexes 
containing different types of amido groups is contained in Table 2. The para-anisylamido 
complex 3a reacted 100 times faster than the corresponding parent amido complex 2a, and the 
para-tolylamido complex 3b reacted 150 times faster than the corresponding parent amido 
complex 2b, the half-life for reaction of 3b being less than a minute. Because we have shown 
previously that amido complexes containing more basic nitrogen atoms undergo faster reductive 
elimination than those with less basic nitrogen atoms, and terminal amido complexes are known 
to be highly basic,1,12 the smaller size of the parent amido ligand is most likely responsible for 
the large differences in the rates of reductive elimination. 
 The effect of the electronics of the aryl ligand on the selectivity for the stoichiometric 
reductive elimination of primary arylamines and secondary arylamines was also considered. We 
deduced that the selectivity for monoarylation in the catalytic reaction is controlled by the 
relative basicity of the parent amido complex with respect to deprotonation of the arylamine 
product (K, Figure 6).  If the substituent on the aryl group, R, is strongly electron-donating, then 
the amido group is strongly basic. When complex 2a is exposed to excess p-anisidine, immediate 
formation of complex 3a is observed as a result of the proton transfer between the 
monoarylamine and the parent amido ligand.  Correspondingly, only the diarylamine product of 
reductive elimination from 3a is observed. Complex 2b, however, does not immediately convert 
to 3b in the presence of excess p-toluidine, but still only diarylamine product is observed. 
Though the parent amido complex with a p-CF3 substituent on the aryl group is not stable at 
room temperature, it will form only the monoarylamine product, even in the presence of excess 
p-aminobenzotrifluoride. It follows that in the catalytic amination with ammonia (eq 50), the 
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least selective substrates for monoarylation are those with electron-rich substituents (i.e. p-OMe, 
Table 3). 
 
Figure 6. Equilibrium between parent amido complex and arylamido complex. 
 
 
 
 
Table 3. Selectivity for electron-poor and electron-rich substrates in the catalytic monoarylation 
of ammonia. 
 
 
R
 
Hammett parameter (σ)
 
Selectivity
 
NMe2 -0.83 8.5:1 
OMe -0.27 12:1 
Me -0.12 20:1 
CF3 0.54
 >50:1 
m-OMe 0.12 >50:1  
 
2.3.3. Arylpalladium amido complexes: thermodynamics and kinetics 
 To understand the thermodynamic properties of the different amido complexes and 
origins of the relative rates for reductive elimination, we assessed the different thermodynamic 
stabilities of the parent amido and arylamido complexes, relative to the free amines, by both 
computation and experimental methods, and we computed the barriers to reductive elimination 
from a series of arylpalladium amido complexes. To distinguish between steric and electronic 
effects on the stability and reactivity of the complexes containing the different amido groups, we 
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assessed by DFT calculations the thermodynamic properties and barriers for reductive 
eliminations involving complexes in which steric effects should have less of an influence on the 
relative thermodynamic stability of the complexes and rates of reductive elimination than they do 
in the experimental system. 
 The stability of the amido complexes, transition states for C-N reductive elimination, and 
overall free energies for formation of the amine product in dioxane solvent were calculated for a 
series of cis-bis(trimethylphosphine)-ligated phenylpalladium amido complexes, and the results 
of this analysis are shown in Figure 7. As expected from the greater acidity of aniline,8 the 
equilibrium between the combination of the arylamido complex and ammonia and the 
combination of the parent amido complex and aniline favored the arylamido complex by a free 
energy of 1.9 kcal/mol. The free energy barrier for reductive elimination of diphenylamine from 
the anilide complex was calculated to be higher than that for reductive elimination of aniline 
from the parent amido complex by just 0.3 kcal/mol. The reductive elimination of aniline was 
more downhill than the reductive elimination of diphenylamine by 3.0 kcal/mol in free energy. 
The N-methylamido complex was calculated to be significantly less stable than either the parent 
amido or arylamido complex in the exchange equilibria, but the barrier for reductive elimination 
from the methylamido complex was calculated to be more than 4 kcal/mol lower than that for 
reductive elimination from either the parent amido or arylamido complexes.  
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Figure 7. Relative ground state and transition state free energies in kcal/mol for PMe3-ligated 
phenylpalladium parent amido, arylamido, and methylamido complexes undergoing C-N 
reductive elimination. 
 The calculated thermodynamic values can then be compared to experimental results with 
the arylpalladium amido complexes ligated by more sterically encumbered CyPF-t-Bu. In 
contrast to the typical trend of the base of a more acidic molecule being the preferred ligand 
among an analogous series of acid-base pairs (as underscored by the computed equilibria for the 
PMe3-ligated complexes),
13 the palladium center ligated by CyPF-t-Bu favored binding of the 
parent amido group. Although competitive reductive elimination from the arylpalladium 
arylamido complexes prevented our obtaining quantative Keq values for the proton transfer 
equilibria, reaction of complex 1b with ammonia and p-toluidine in the presence of 1.4 equiv of 
NaO-t-Bu generated a mixture containing a higher population of parent amide 2b than of the 
arylamide 3b (eq 51). Moreover, treatment of arylamide 3a generated in situ with 5 equiv of 
ammonia began to form 2a (1:2.5 ratio of 3a to 2a after 20 min at -40 °C), but treatment of 2a 
with 5 equiv of p-anisidine at -40 °C gave little arylamide 3a (the ratio of 2a to 3a was > 20:1 
after 20 min). When the latter sample was warmed to room temperature and allowed to 
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equilibrate for an additional 20 min, parent amide 2a was favored over 3a by a ratio of 3:1 (eq 
51, Figure 8). Thus, the faster generation of the parent amide 2a and greater thermodynamic 
stability of 2a lead to selective formation of the primary arylamine, not faster reductive 
elimination from the parent amido complexes due to the strong basicity of the parent amido 
group. At the same time, the strong basicity of the primary alkylamido complexes does appear to 
affect the rates of reductive elimination. The low barrier computed for reductive elimination 
from the methylamido complex agrees with the fast reductive elimination observed from the 
CyPF-t-Bu-ligated iso-butylamido complex generated in situ. 
 
 
Figure 8. Equilibration between 2a and 3a versus competing reductive elimination reactions. 
2.3.4. Arylpalladium parent amido complexes as the resting state in the catalytic amination of 
aryl halides with ammonia 
 Finally, we studied the identity of the palladium complex in the coupling of aryl halides 
with ammonia catalyzed by the combination of Pd[P(o-tol)3]2 and CyPF-t-Bu.  The mechanism 
for this reaction is shown in Figure 9. Like many common C-N cross-coupling reactions, the 
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process occurs by rapid initial oxidative addition of an aryl halide to the Pd(0) precursor (CyPF-
t-Bu)Pd(P-o-tol3). Conversion of the arylpalladium halide complex to the arylpalladium amide 
occurs through ligand substitution of the halide with ammonia and subsequent deprotonation by 
NaO-t-Bu. Reductive elimination from this species forms the monoarylamine. Monitoring of the 
reaction of 4-bromotoluene with ammonia in dioxane by 31P NMR spectroscopy at 80 °C with 11 
mol % of the catalyst showed that the parent amido complex was the major species present in the 
reaction solution. The parent amide resting state contrasts with the Pd(0) resting state in reactions 
of amines with aryl halides catalyzed by complexes of DPPF and BINAP. Consistent with the 
parent amido complex as the resting state, the rate constant for the catalytic coupling at 50 °C 
with 5 mol % of the preformed arylpalladium halide complex 1b was similar (8.0 x 10-4 vs 7.6 x 
10-4 s-1) to that for the stoichiometric reaction of the arylpalladium parent amido complex at the 
same temperature, after correcting for the catalyst concentration (Figure 8). 
 
Figure 9. Mechanism of Pd-catalyzed amination with ammonia and observed arylpalladium 
parent amido resting state. 
2.4. Conclusion and Future Outlook 
 In summary, the chemistry of the parent amido complexes [Pd(CyPF-t-Bu)(Ar)(NH2)], as 
well as analogs containing aromatic bisphosphine ligands, is distinct from that of the alkyl- and 
arylamido analogs. The parent amido complexes ligated by CyPF-t-Bu are more stable 
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thermodynamically and undergo reductive elimination more slowly than the alkylamido and 
arylamido analogs. This difference from the usual trends in stability and reactivity that results 
from electronic effects is likely due to the hindered ligand environment of CyPF-t-Bu.  
 Future work in this area will focus on expanding the reactivity of parent amido 
complexes and other transition metal amido complexes, especially as the reactivity relates to 
catalytic processes. This chapter has focused on one specific reaction – the amination of aryl 
halides – but a number of possible reactions with amido complexes can be envisioned. We have 
explored the possible reaction of bisphosphine-ligated copper amido complexes with alkyl 
halides with the goal of developing a copper-mediated or copper-catalyzed reaction of secondary 
alkyl halides with amine nucleophiles. In this case, the mechanism for the formation of the amine 
product will change: copper amide complexes will react with alkyl halides by delivering the 
amide as a nucleophile. This reaction contrasts the more typical oxidative addition, 
transmetalation with amide, and reductive elimination sequence seen with palladium- and some 
copper-catalyzed cross coupling reactions. The goal is not to demonstrate another SN2 reaction, 
but to use the power of transition metal catalysts with chiral ligands to develop an 
enantioselective synthesis of alkyl amines from alkyl halides. 
 
2.5. Experimental Details 
General Procedures.  All manipulations were conducted under an inert atmosphere. 1H, 13C, and 
31P{1H}NMR spectra were recorded on a Varian 400 or 500 MHz spectrometer with 
tetramethylsilane or residual protiated solvent as a reference. 15N NMR spectra were recorded on 
a Varian 600 MHz spectrometer. All 31P NMR chemical shifts are reported in parts per million 
relative to an 85% H3PO4 external standard or an internal standard of trimesitylphosphine. 
15N 
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NMR chemical shifts are reported in parts per million relative to liquid 15NH3.  Elemental 
analyses were performed at the University of Illinois Microanalysis Lab or by Robertson 
Microlab, Inc., Madison, NJ. GC analyses were obtained on an Agilent 6890 GC equipped with 
an HP-5 column (25 m x 0.20 mm ID x 0.33 µmfilm) and a FID detector. CyPF-t-Bu (1-
dicyclohexylphosphino-2-di-t-butylphosphinoethylferrocene) was obtained from Solvias AG and 
used without further purification. [(BINAP)Pd(Ph)(Br)],11 [Pd{P(o-tol)3}2],
14 (CyPF-t-
Bu)Pd(C6H4-p-OMe)(Br),
6
 and (CyPF-t-Bu)Pd(C6H4-p-Me)(Br)
15 were prepared from previously 
reported methods. Anhydrous ammonia was not dried further prior to use. All other chemicals 
were used as received from commercial sources. 
 
Computational Details. All DFT calculations were performed using  the hybrid, three-
parameter exchange functional of Becke (B3)16 and the correlation functional of Lee,Yang, and 
Parr (LYP)17] (B3LYP) as implemented in Gaussian 09.18 The palladium and phosphorus atoms 
are modeled with the effective core potential and associated triple ζ basis sets of Hay and Wadt 
(LANL2TZ).19-21 For the palladium atom, an f polarization function was added to the basis set.  
All other atoms use the 6-311G** basis set.22,23 Unless otherwise noted, all geometries are fully 
optimized and confirmed as minima or n-order saddle points by analytical frequency calculations 
at the same level. 
    
(CyPF-t-Bu)Pd(C6H4-o-OMe)(Br) (1c) [Pd{P(o-tol)3}2] (0.070 g, 0.097 mmol) and CyPF-t-Bu 
(0.054 g, 0.097 mmol) were added to 2-bromoanisole (0.083 g, 0.44 mmol) and dissolved in 5 
mL benzene. The resulting red solution was stirred at room temperature for 30 min. The reaction 
was then filtered through Celite, and the benzene was removed in vacuo. The red residue was 
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dissolved in CH2Cl2, layered with pentane, and cooled to -30 °C. The resulting orange crystals 
were collected and washed with pentane to yield 0.159 g (97%) of (CyPF-t-Bu)Pd(C6H4-o-
OMe)(Br).  1H NMR (CDCl3) δ 7.18 (t, J = 7.3 Hz, 1 H from C6H4-o-OMe), 6.91 (t, J = 7.1 Hz, 
1 H from C6H4-o-OMe), 6.81 (t, J = 7.2 Hz, 1 H from C6H4-o-OMe), 6.39 (dd, J = 3.1 Hz, 7.9 
Hz, 1 H from C6H4-o-OMe), 4.91 (s, 1 H, Fc), 4.49 (s, 1 H, Fc), 4.44 (s, 1 H, Fc), 4.25 (s, 5 H, 
unsubstituted Fc ring), 3.83 (s, 3 H, -CH3 from -OMe), 3.23 (m, 1 H, CH from CyPF-tBu 
backbone), 1.97 (app t, J = 7.5 Hz, 3H CH3 from CyPF-t-Bu backbone), 1.69 (d, J = 11.7 Hz, 
9H, t-Bu), 1.18 (d, J = 13 Hz, 9H, t-Bu), 0.80-2.80 (m, 22 H from Cy).31P NMR (CDCl3) δ 76.8 
(d, J = 32.4 Hz), 19.8 (d, J = 32.5 Hz).  Anal. Calcd. for PdFeP2OBrC39H59: C, 55.24; H, 7.01.  
Found: C, 55.46; H, 6.73. 
 
(CyPF-t-Bu)Pd(C6H4-o-Me)(Br) (1d) The complex 1d was prepared by a procedure analogous 
to that described for 1c (68%). 1H NMR (CDCl3)  δ 7.20 (t, J = 7.3 Hz, 1H from C6H4-o-Me), 
6.96 (t, J = 6.5 Hz, 1H from C6H4-o-Me), 6.80 (t, J = 7.2 Hz, 1H from C6H4-o-Me), 6.71 (d, J = 
7.6 Hz, 1H from C6H4-o-Me), 4.94 (br s, 1H, Fc), 4.52 (s, 1H, Fc), 4.46 (s, 1H, Fc), 4.24 (s, 5H, 
unsubstituted Fc ring), 3.67 (m, 1H, CH from CyPF-t-Bu backbone), 2.82 (s, 3H, CH3 from -
Me), 1.98 (app t, J = 7.4 Hz, 3H -CH3 from CyPF-t-Bu backbone), 1.67 (d, J = 11.5 Hz, 9H, t-
Bu), 1.18 (d, J = 12.9 Hz, 9H, t-Bu), 0.8-2.80 (m, 22 Cy H), 31P NMR (CDCl3) δ 70.25 (d, J = 
36.5 Hz), 16.11 (d, J = 40.4 Hz). Anal. Calcd. for PdFeP2BrC39H59: C, 56.30; H, 7.15.  Found: C, 
56.24; H, 7.39. 
 
(CyPF-t-Bu)Pd(C6H4-p-OMe)(NH2) (2a) Complex 2a was generated in situ by the following 
method and identified by comparison of the spectra data to those reported previously.6 (CyPF-t-
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Bu)Pd(C6H4-p-OMe)(Br) (0.011 g, 0.013 mmol), NaO-t-Bu (0.0019 g, 0.029 mmol)  and PMes3 
(0.0050 g, 0.012 mmol) were dissolved in dioxane (0.40 mL) and transferred to a 10 mL Schlenk 
flask. The flask was cooled in liquid N2, and NH3 (~ 130 Torr in 61 cm
3 glass bulb, 1200 equiv) 
was added to the flask. The reaction was stirred for ~ 30 min at room temperature, at which time 
the flask was returned the glovebox and its contents transferred to a J-Young NMR tube. A 95% 
yield was determined with 31P NMR spectroscopy by comparing the peak intensity of the 
complex versus the peak intensity of the PMes3 standard relative to the ratio of initial weights of 
the starting complex and the standard. 
 
(CyPF-t-Bu)Pd(C6H4-p-Me)(NH2) (2b) was generated in situ according to a procedure 
analogous to complex 2a with the following amounts: (CyPF-t-Bu)Pd(C6H4-p-Me)(Br) (0.011 g, 
0.013 mmol), NaO-t-Bu (0.0022 g, 0.023 mmol), NH3 (~130 Torr in 61 cm
3 glass bulb, 1200 
equiv), PMes3 (0.0052 g, 0.013 mmol). An 82% yield was determined with 
31P NMR 
spectroscopy by comparing the peak intensity of the complex versus the peak intensity of the 
PMes3 standard relative to the ratio of initial weights of the starting complex and the standard. 
31P{1H} NMR (-30 °C THF-d8 ) δ 63.23 (d, J = 27.4 Hz), 13.33 (d, J = 26.8 Hz). 
 
(CyPF-t-Bu)Pd(C6H4-p-Me)(
15
NH2) (2b-
15
NH2) (CyPF-t-Bu)Pd(C6H4-p-Me)(Br) (0.022 g, 
0.026 mmol) was dissolved in 0.5 mL of CH2Cl2 in a Schlenk flask. The solution was frozen in 
liquid N2, and 6 equiv of NH3 (50 Torr in a 61 cm
3 gas bulb) was transferred to the flask via a 
high vacuum line.  The flask was then returned to the glovebox, and AgOTf (0.0081, 0.031 
mmol) in 0.5 mL of toluene was added.  A white precipitate appeared immediately.  The reaction 
was stirred for 30 minutes and then filtered through a small plug of Celite.  The orange solution 
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was evaporated to dryness and then dissolved in 0.35 mL THF-d8, and the solution was 
transferred to an NMR tube sealed with a septum-lined screw top.  In a separate 4 mL vial, 
KHMDS (0.0077 g, 0.039 mmol) was dissolved in 0.1 mL THF-d8 and added to a gastight 
syringe with a silicone stopper.  The two solutions were exported from the box, and the NMR 
tube was cooled to -78 °C.  The KHMDS was then added, and the NMR tube was inserted into 
the probe that had been precooled to -20 °C. At low temperature, the complex was characterized 
as a 5:1 ratio of isomers by comparing the peak intensities of the 31P NMR spectrum. 1H NMR of 
2b-15NH2 (THF-d8) δ 7.48 (br s, 1H),7.06 (br s, 1H), 6.82 (d, J = 7.4 Hz, 1H), 6.63 (d, J = 6.0 
Hz, 1H), 4.88 (s, 1H), 4.60 (s, 1H), 4.43 (s, 1H), 4.25 (s, 5H), 3.15 (broad, 1H), 2.32 (s, 3H), 
2.18 (s, 3H), 1.62 (m, 3H), 1.59 (d, J = 10.0 Hz, 9H), 1.18 (d, J = 10.7 Hz, 9H), 0.8-2.4 (H from 
CyPFtBu), 0.00 (H  from HMDS), -0.52 (d, J = 56.9 Hz, 2H).  31P NMR of 2b-15NH2 (-30 °C 
THF-d8) δ 63.23 (d, J = 32.3 Hz, major), 60.95 (d, J = 32.2 Hz, minor), 18.64 (app t, J = 27.7 Hz, 
minor), 13.12 (app t, J = 27.5 Hz, major) 15N{1H} NMR (toluene-d8) δ 61.2 (d, J = 26.9 Hz, 
major), 73.9 (d, J = 26.8 Hz, minor) 15N NMR (THF-d8) 61.2 (t of d, JNP = 27.9, JNH = 56.9 Hz, 
major), 73.9 (m, minor).  IR 3289, 3302 cm-1. 
 
(CyPF-t-Bu)Pd(C6H4-o-OMe)(NH2) (2c) was generated in situ according to a procedure 
analogous to complex 2a with the following amounts: (CyPF-t-Bu)Pd(C6H4-o-OMe)(Br) (0.011 
g, 0.013 mmol), NaO-t-Bu (0.0020 g, 0.021 mmol), NH3 (~130 Torr in 61 cm
3 glass bulb), 
PMes3 (0.0053 g, 0.014 mmol). A 62% yield was determined with 
31P NMR spectroscopy by 
comparing the peak intensity of the complex versus the peak intensity of the PMes3 standard 
relative to the ratio of initial weights of the starting complex and the standard. 1H NMR (-30 °C 
THF-d8) δ 7.09 (d, J = 7.3 Hz, 1 H from C6H4-o-OMe), 6.80 (t, J = 7.0 Hz, 1 H from C6H4-o-
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OMe), 6.68 (t, J = 7.0 Hz, 1 H from C6H4-o-OMe), 6.39 (d, J = 7.7 Hz, 1 H from C6H4-o-OMe), 
4.89 (s, 1 H, Fc), 4.59 (s, 1 H, Fc), 4.42 (s, 1 H, Fc), 4.25 (s, 5 H, unsubstituted Fc ring), 3.79 (s, 
3H from -OMe), 3.15 (m, 1  H, CH from CyPF-t-Bu backbone), 2.01 (t, J = 7.1 Hz, 3 -CH3 from 
CyPF-t-Bu backbone), 1.63 (d, J = 10.9 Hz, 9 H, t-Bu), 1.78 (d, J = 12.0 Hz, 9 H, t-Bu), 0.6-2.6 
(H from Cy), 0.0 (H from HMDS), -0.73 (s, 2 H, -NH2). 
31P{1H} NMR (-30 °C THF-d8) δ 66.63 
(d, J = 36.1 Hz), 13.38 (d, J =56.6 Hz). 
 
(CyPF-t-Bu)Pd(C6H4-o-OMe)(
15
NH2) (2c-
15N) was generated in the same procedure as that 
used for the unlabeled complex 2c with the following amounts: (CyPF-t-Bu)Pd(C6H4-o-
OMe)(Br) (0.014 g, 0.017 mmol), 6 equiv 15NH3 (~50 Torr in 61cm
3 glass bulb), and NaO-t-Bu 
(0.0038 g, 0.0040 mmol). 31P NMR (-30 ° C  toluene-d8) δ 69.96 (d, J = 33.5Hz), 14.85 (app t, J 
= 30.4 Hz) 15N{1H} NMR (-30 ° C THF-d8) δ 59.3 (d, J = 27.5 Hz)  IR 3290, 3466 cm
-1. 
 
(CyPF-t-Bu)Pd(C6H4-o-Me)(NH2) (2d) was generated in situ according to a procedure 
analogous to complex 2a with the following amounts: (CyPF-t-Bu)Pd(C6H4-o-Me)(Br) (0.011 g, 
0.013 mmol), NaO-t-Bu (0.0018 g, 0.019 mmol), 1200 equiv NH3 (~130 Torr in a 61 cm
3 bulb), 
PMes3 (0.005 g, 0.013 mmol). A 50% yield was determined with 
31P NMR spectroscopy by 
comparing the peak intensity of the complex versus the peak intensity of the PMes3 standard 
relative to the ratio of initial weights of the starting complex and the standard. 1H NMR (-30 °C 
THF-d8) δ 6.81 (app t, J = 6.2 Hz, 1H from C6H4-o-Me), 6.71 (m, 3H from C6H4-o-Me), 4.94 (s, 
1H, Fc), 4.62 (s, 1H, Fc), 4.46 (s, 1H, Fc), 4.26 (s, 5H, unsubstituted Fc ring), 3.14 (m, 1H, CH 
from CyPF-t-Bu backbone), 2.79 (s, 3H from -Me), 2.02 (app t, J = 7.2 Hz, 3H -CH3 from CyPF-
t-Bu backbone), 1.62 (d, J = 10.8 Hz, 9H, t-Bu), 1.17 (d, J = 11.8 Hz, 9H, t-Bu), 0.90-2.5 (H 
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from Cy), 0.00 (H from HMDS), -0.52 (s, 2H, -NH2).  
31P{1H} NMR (-30 °C THF-d8) δ 70.15 
(d, J = 29.7 Hz), 14.48 (d, J =34.8 Hz). 
 
(CyPF-t-Bu)Pd(C6H4-p-Me)(
15
NH2) (2d-
15N) was generated in the same procedure as that used 
for the unlabeled complex 2c with (CyPF-t-Bu)Pd(C6H4-o-OMe)(Br) (0.025 g, 0.030 mmol), 6 
equiv 15NH3 (~50 Torr in 61cm
3 glass bulb), and NaO-t-Bu (0.0025 g, 0.026 mmol).31P NMR (-
30 ° C toluene-d8) δ 70.17 (d, J = 30.8 Hz), 15.9 (app t, J = 30.0 Hz) 
15N{1H} NMR (-30 ° C 
toluene-d8) δ 56.2 (d,  J = 29.1 Hz)  IR 3289, 3227 cm
-1. 
 
(CyPF-t-Bu)Pd(C6H4-p-OMe)NH(C6H4-p-OMe) (3a) In a 4 mL vial, (CyPF-t-Bu)Pd(C6H4-p-
OMe)(Br) (0.011 g, 0.010 mmol) and trimethoxybenzene (0.0025 g, 0.015 mmol) were dissolved 
in 0.35 mL of THF-d8 and added to a septum-lined, screw-top NMR tube. An initial 
1H NMR 
spectrum was recorded. In a separate vial, KNH(C6H4-p-OMe) (0.0028 g, 0.017 mmol) was 
dissolved in 0.10 mL THF-d8 and taken up in a 100 µL gastight syringe sealed with a silicone 
plug. The NMR tube was cooled to -78 °C. The potassium anilide solution was then added to the 
NMR tube, and the tube was inserted into the precooled probe and characterized at -30 °C in 
68% yield according to trimethoxybenzene standard. 1H NMR (-30 ° C THF-d8) δ 7.43 (br s, 1H 
from C6H4-p-OMe), 6.50 (s, 1H from C6H4-p-OMe), 6.40 (d, J = 7.4 Hz, 1H from C6H4-p-OMe), 
6.28 (d, J = 6.57 Hz, 1H from C6H4-p-OMe), 6.21 (d, J = 7.59 Hz, 2H from NH(C6H4-p-OMe)), 
5.99 (d, J = 6.3 Hz, 2H from NH(C6H4-p-OMe)),  4.92 (s, 1H, Fc), 4.64 (s, 1H, Fc), 4.46 (s, 1H, 
Fc), 4.26 (s, 5H, unsubstituted Fc ring), 3.60 (s, 3H from –OMe on NH(C6H4-p-OMe)), 3.48 (s, 
3H from -OMe), 3.14 (m, 1H CH from CyPF-t-Bu backbone), 1.50 (d, J = 10.7 Hz, 9 H, t-Bu), 
73 
 
1.20 (d, J = 12.1 Hz, 9H, t-Bu), 0.8-2.2 (H from CyPF-tBu), 0.63 (s, 1H, -NH). 31P{1H} NMR (-
30 ° C THF-d8) δ 57.3 (d, J = 42.7 Hz), 13.2 (d, J = 50.5 Hz). 
 
(CyPF-t-Bu)Pd(C6H4-p-Me)NH(C6H4-p-Me) (3b) was generated and characterized by the 
method described for the synthesis and characterization of 3a. The yield was 59% according to 
the added trimethoxybenzene standard. 1H NMR (-30 ° C THF-d8) δ 7.30 (br s, 1H), 6.91 (m, 
1H), 6.43 (d, J = 6.9 Hz, 1H), 6.36 (d, J = 7.5 Hz, 1H), 6.30 (d, J = 7.54 Hz, 1H), 6.15 (d, J = 
6.91 Hz, 2H), 5.85 (br s, 1H), 4.79 (br s, 1H), 4.5 (br s, 1H), 4.33 (br s, 1H), 4.12 (s, 5H), 2.99 
(m, 1H), 2.30 (s, 3H), 2.18 (s, 3H), 1.95 (s, 3H), 1.62 (m, 3H), 1.44 (d, J = 10.7 Hz, 9H), 1.01 (d, 
J = 12.2 Hz, 9H), 0.8-2.1 (H from CyPF-tBu), 0.63 (s, 1H). 31P NMR (-30 ° C THF-d8) δ 60.4 (d, 
J = 40.4 Hz), 15.9 (d, J = 43.5 Hz). 
 
NaNH(C6H4-p-OMe) p-Anisidine (0.156 g, 1.27 mmol) was weighed into a 20 mL vial.  
NaHMDS (0.233 g, 1.27 mmol) was weighed in a separate 20 mL vial and dissolved in 18 mL 
toluene. The NaHMDS solution was then added to the p-anisidine, and the white suspension was 
stirred at room temperature for 30 minutes. The product was filtered and washed with toluene to 
yield 0.166 g of a light violet solid (90 %). 1H NMR (THF-d8) δ 8.16 (d, J = 11 Hz, 2H), 7.90 (d, 
J = 9.0 Hz, 2H), 5.36 (s, 3H), 4.41 (br s, 1H) 13C NMR (THF-d8) δ 161.09, 146.13, 116.75, 
114.55, 57.06.  
 
NaNH(C6H4-p-Me) NaNH(C6H4-p-Me) was prepared using the same procedure as the one used 
to prepare NaNH(C6H4-p-OMe) (89%).
 1H NMR (THF-d8) δ 8.32 (d, J = 7.5, 2H), 7.97 (d, J = 
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2.0 Hz, 2H), 4.98 (br s, 1H), 3.86 (s, 3H)13C NMR (THF-d8) δ 161.29, 130.10, 115.95, 115.02, 
20.60. 
 
KNH(C6H4-p-OMe) was prepared in a method analogous to the one used to prepare 
NaNH(C6H4-p-OMe), but with KHMDS as the base. 
1H NMR (THF-d8) 6.3 (d, J = 7.9 Hz, 2H) 
5.94 (d, J = 8.0 Hz, 2H), 5.46 (br s, 1H), 3.47 (s, 3H) 13C NMR (THF-d8) δ 160.1 144.2, 116.7, 
112.9, 56.5. 
 
KNH(C6H4-p-Me) was prepared in a method analogous to the one used to prepare NaNH(C6H4-
p-Me), but with KHMDS as the base. 1H NMR (THF-d8) 6.42 (d, J = 7.2 Hz, 2H) 5.98 (d, J = 6.4 
Hz, 2H), 5.47 (br s, 1H), 1.87 (s, 3H) 13C NMR (THF-d8) δ 162.3, 129.7, 113.6, 111.9, 19.7. 
 
Representative procedure for measuring the rates of reductive elimination from the 
arylpalladium parent amido complexes  
(CyPF-t-Bu)Pd(C6H4-p-OMe)(Br) (1b) (0.011g, 0.013 mmol) and NaO-t-Bu (0.0018 g, 0.019 
mmol) were added to in a 4 mL vial inside the glovebox. Dioxane (0.3 mL) was added to the 
vial, and the contents were transferred to a J-Young NMR tube. The tube was removed from the 
box, and 130 Torr of NH3 (1200 equiv) was condensed into the tube via a 3.86 mL gas bulb. The 
solution was warmed to room temperature. After 30 min, precipitation of NaBr and complete 
formation of the parent amido complex were observed. The tube was returned to the glovebox, 
and excess phosphine, PPh3 (0.0070 g, 0.027 mmol) and PMes3 as internal standard (0.0056 g, 
0.014 mmol) were then added. The progress of the reductive elimination was monitored by 31P 
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NMR spectroscopy until conversion to the Pd(0) complex, (CyPF-t-Bu)Pd(PPh3) indicated that 
the reaction was >90% complete.   
 
Representative procedure for determining the yields of reductive elimination from 
complexes 2a-2d 
p-anisidine: (CyPF-t-Bu)Pd(C6H4-p-OMe)(Br) (1a) (0.0095 g, 0.011 mmol), NaO-t-Bu (0.0010 
g, 0.031 mmol) and trimethoxybenzene (0.0023 g, 0.012 mmol) were dissolved in 0.4 mL of 
dioxane and transferred to  J-Young NMR tube. The tube was removed from the glovebox, and 
140 Torr of NH3 (1200 equiv) was condensed into the tube via a 3.86 mL gas bulb. The solution 
was warmed to room temperature for 30 min, and a 31P NMR spectrum was recorded to confirm 
the formation of 2a. PPh3 (0.0041 g, 0.015 mmol) in 0.05 mL of dioxane was then added. The 
mixture was allowed to react at room temperature for 3 days until the ratio of starting complex to 
(CyPF-t-Bu)Pd(PPh3) was > 20:1.
1H NMR analysis indicated a 70% yield of p-anisidine and 
18% yield of di-p-anisylamine according to the ratio of initial weights of 1a and 
trimethoxybenzene standard. Heating the reaction at 90 °C for 60 min formed 55% of p-anisidine 
and 27% of di-p-anisylamine according to trimethoxybenzene standard (1 equiv) by 1H NMR 
analysis. 
 
p-toluidine: The yield of p-toluidine was measured using the same procedure as the yield for p-
anisidine, with the exception of dodecane as a standard and the final yield determined by GC 
analysis. The following amounts of reagents were utilized: (CyPF-t-Bu)Pd(C6H4-p-Me)(Br) (1b) 
(0.0061 g, 0.007 mmol), NaO-t-Bu (0.0010 g, 0.010 mmol), PPh3 (0.0042 g, 0.015 mmol), 
dodecane (1.75 µL). The solution was allowed to react for 10 hours at room temperature. GC 
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analysis indicated 50% yield (~ 30% diarylamine) according to previously determined correction 
factors for dodecane standard. At 80 °C for 60 min, a 93% yield was obtained. 
 
o-anisidine: The yield of o-anisidine was measured using the same procedure as the yield for p-
anisidine, with the exception of dodecane as a standard and the final yield determined by GC 
analysis. The following amounts of reagents were utilized: (CyPF-t-Bu)Pd(C6H4-o-OMe)(Br) 
(1c) (0.0082 g, 0.011 mmol), NaO-t-Bu (0.0013 g, 0.010 mmol), PPh3 (0.0054 g, 0.019 mmol), 
dodecane (2.25 µL). The solution was allowed to react at room temperature for 12 hours. GC 
analysis indicated 60% yield according to previously determined correction factors for dodecane 
standard. At 40 °C for 90 min, the yield increased to 68%. 
   
o-toluidine: The yield of o-toluidine was measured using the same procedure as the yield for p-
anisidine, with the exception of dodecane as a standard and the final yield determined by GC 
analysis. The following amounts of reagents were utilized:  (CyPF-t-Bu)Pd(C6H4-o-Me)(Br) (1d) 
(0.012 g, 0.014 mmol), NaO-t-Bu (0.0019 g, 0.021 mmol),  PPh3 (0.0072 g,  0.027 mmol) 
dodecane (3.25 µL). The solution was allowed to react at room temperature for 8 hours.  GC 
analysis indicated 86% yield according to previously determined correction factors for dodecane 
standard. 
 
Representative procedure for measuring the rates of reductive elimination from the 
arylpalladium arylamido complexes 
(CyPF-t-Bu)Pd(C6H4-p-OMe)(Br) (0.011 g, 0.013 mmol) was weighed into a 4 mL vial and 
dissolved in 0.25 mL dioxane. In a separate vial, NaNH(C6H4-p-OMe) (0.0039 g, 0.027 mmol), 
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PPh3 (0.0076 g, 0.029 mmol) and PMes3 as internal standard (0.0052 g, 0.014 mmol) were 
weighed and dissolved in 0.15  mL THF. The Pd complex and the sodium anilide salt solutions 
were combined in a J-Young NMR tube. The orange solution immediately turned a darker red, 
and the sample was frozen in liquid N2. The sample was then placed in the NMR probe that was 
precooled to -30 °C. Once formation of the anilido complex was confirmed, the sample was 
removed from the probe and cooled in liquid N2, and the probe was warmed to room 
temperature. The reductive elimination was monitored by acquiring a spectrum every minute 
over a period of three hours until complete the reaction occurred to >90% conversion, as 
determined by the formation of Pd(0) species (CyPF-t-Bu)Pd(PPh3). The yield of diarylamine 
was determined by GC analysis using previously determined correction factors for dodecane as 
an internal standard.  
 
Representative procedure for determining the yields of reductive elimination from 
complexes 3a-3b 
Di-p-anisylamine: (CyPF-t-Bu)Pd(C6H4-p-OMe) (1a) (0.011 g, 0.013 mmol) and dodecane 
(3.00 µL) were dissolved in 0.20 mL of dioxane and added to a screw-top NMR tube with a 
septum-lined cap.  NaNH(C6H4-p-OMe) (0.0036 g, 0.028 mmol) and PPh3 (0.0066, 0.028 mmol)  
were dissolved in 0.15 mL THF and added to the NMR tube containing the Pd complex. The 
mixture was allowed to react at room temperature for 90 min until the ratio of starting complex 
to (CyPF-t-Bu)Pd(PPh3) was > 20:1. The yield was 53% according to previously determined 
correction factors for dodecane standard. 
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Di-p-tolylamine: (CyPF-t-Bu)Pd(C6H4-p-Me) (1b) (0.0030 g, 0.013 mmol), dodecane (1.00 µL), 
PPh3 (0.003 g, 0.011 mmol) and NaNH(C6H4-p-Me) (0.0013 g, 0.008 mmol). The yield was 36% 
after 60 min at room temperature according to previously determined correction factors for 
dodecane standard. 
 
Identification of the resting state of the catalyst in the reaction of 4-bromoanisole with NH3 
catalyzed by the combination of Pd[P(o-tol)3]2 and CyPF-t-Bu 
4-Bromotoluene (0.012 g, 0.07 mmol), NaO-t-Bu (0.0010 g, 0.10 mmol), 0.5 M NH3 in dioxane 
(0.9 mL, 1.8 mmol), Pd[P(o-tol)3]2 (0.0058 g, 11 mol%) and CyPF-t-Bu (0.0053 g, 13 mol%) 
were added to a 4 ml scintillation vial. Dodecane (15.8 µL) was added, as well as an additional 
0.9 mL of dioxane to dilute the solution to 0.04 M. The solution was transferred to an NMR tube 
that was sealed with a septum-lined screw cap, and the tube was inserted into the NMR probe 
that had been prewarmed to 80 °C.  After 5 minutes of heating, a 31P{1H} NMR spectrum was 
recorded. The arylpalladium amido complex, 2b, along with free P(o-tol)3
  from the precatalyst 
were the only species observed. The conversion of aryl bromide and yield of p-toluidine were 
determined at this time point by GC analysis to be 35% and 17%, respectively, according to 
previously determined correction factors for dodecane standard.    
 
Competitive formation of 2b and 3b: 
In the glovebox, complex 1b (0.016 g, 0.019 mmol) was weighed into a 4 mL vial and dissolved 
in 0.07 mL dioxane and 0.018 mL of a 0.5 M solution of NH3 in dioxane (5 equiv NH3). In a 
separate vial, p-toluidine (0.010 g, 0.093 mmol) was dissolved in 0.15 mL THF. The two 
solutions were combined in a J-Young NMR tube, and the tube was cooled to -78 °C. The 
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sample was then placed in an NMR tube that had been precooled to -40 °C, and a 31P NMR 
spectrum was recorded. The ratio of 2b to 3b was 2.2:1 at -40 °C. When the probe was warmed 
to -10 °C, the ratio was 2.2:1. 
 
 
Procedure for the exchange reaction between 3a and 2a: 
In the glovebox, complex 1a (0.013 g, 0.015 mmol) was weighed into a 4 mL vial and dissolved 
in 0.3 mL of THF. In a separate vial, KNH(C4H4-p-OMe) (0.0027 g, 0.017 mmol) was dissolved 
in 0.1 mL of THF. The two solutions were added to a J-Young NMR tube to generate 3a, and the 
tube was removed from the glovebox and quickly frozen in liquid N2. Five equiv of NH3 (390 
Torr in 3.86 mL glass bulb) were then condensed into the tube. The solution was then warmed to 
-78 °C and then placed in an NMR probe that had been precooled to -40 °C. The mixture was 
allowed to equilibrate at this temperature for 10 minutes before a 31P NMR spectrum was 
recorded. The ratio of 2a to 3a was 1:2.5. After the probe was warmed to -20 °C and the sample 
was allowed to equilibrate for 10 minutes, the ratio remained 1:2.5.  
 
Procedure for the exchange reaction between 2a and 3a: 
In the glovebox, 1a (0.012 g, 0.014 mmol) and NaO-t-Bu (0.0021 g, 0.020 mmol) were weighed 
into a 4 mL flask and dissolved in 0.3 mL THF. In a separate vial, p-anisidine (0.0028 g, 0.017 
mmol) was dissolved in 0.1 mL THF and taken up in a gastight syringe. The solution of 1a and 
base was added to a J-Young NMR, cooled in liquid N2, and combined with 5 equiv of NH3 (390 
Torr in 3.86 mL gas bulb). The reaction mixture was then warmed to -78 °C and allowed to react 
for 1 hour before it was returned to the glovebox and transferred to a screw-top NMR tube. The 
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NMR tube and solution of p-anisidine were removed from the glovebox. The tube was once 
again cooled to -78 °C, and the p-anisidine was added. The reaction mixture was then placed in 
an NMR probe that had been precooled to -40 °C and allowed to equilibrate at this temperature 
for 10 minutes. A 31P NMR spectrum was then recorded. The sample was then warmed 
incrementally to room temperature, allowed to equilibrate for 20 minutes, and another 31P NMR 
spectrum was recorded. 
 
[(BINAP)Pd(Ph)(NH3)](OTf) 
[(BINAP)Pd(Ph)(Br)] (0.035 g, 0.039 mmol) was dissolved in 1 mL of CH2Cl2 and transferred to 
a 10 mL Schlenk flask. The flask was then pressurized with 11 equiv of ammonia (130 Torr in 
61 cm3 bulb) and returned to the glovebox. Meanwhile, AgOTf (0.011 g, 0.043 mmol) was 
dissolved in 1 mL of toluene, and the silver solution was transferred to the arm of the Schlenk 
flask containing the solution of the palladium complex. Once the arm was capped with a septum, 
the flask was opened, and the silver solution was added at once to the Pd solution. A gray 
precipitate was immediately observed. The reaction was stirred for 30 min at room temperature. 
The suspension was then filtered through Celite, and the solvents were removed. The resulting 
solid was dissolved in ~ 1 mL CH2Cl2 and layered with hexane at room temperature to 
precipitate a white, microcrystalline powder (84%). 1H NMR (CDCl3) δ 7.88 (m, 2H), 7.77 (d of 
d, J = 1.9 Hz, 9.0 Hz, 2H), 7.68-7.45 (m, 8H), 7.42 (t of d, J = 1.2, 7.8 Hz, 1H), 7.35-7.27 (m, 4 
H), 7.25 (m, 6H), 7.10 (m, 2H), 7.03 (t of d, J = 2.5, 8.2 Hz), 6.92-6.85 (m, 8 H), 6.66 (t, J = 7.8 
Hz, 3H), 6.47 (d, J = 8.7 Hz, 2H), 2.21 (s, 3H). 31P{1H} NMR (CDCl3) δ 29.7 (d, J = 40 Hz) 14.8 
(d, J = 40 Hz), IR: (ν NH3) 3153, 3213, 3291, 3365, 3453 cm
-1. Anal. Calcd. for 
PdP2C51H40SO3F3N: C, 62.94; H, 4.11; N 1.44.  Found: C, 62.68; H, 4.18; N, 1.42. 
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[(BINAP)Pd(Ph)(
15
NH3)](OTf) 
1H NMR (CDCl3) δ 2.33 (d, J = 69.9 Hz, NH3 protons).  
 
 
31P{1H} NMR (CDCl3) δ 29.7 (app t, J = 38.9 Hz) 14.8 (d, J = 39.5 Hz) 
15N{1H} NMR (CDCl3) 
δ 72.9 (d, JPN =   38.3 Hz). 
 
Reaction of [(BINAP)Pd(Ph)(NH3)](OTf) with base 
KHMDS (0.0020 g, 0.012 mmol) was dissolved in 0.4 mL of THF and added to a vial containing 
[(BINAP)Pd(Ph)(NH3)](OTf) (0.0070 g, 0.0080 mmol) and dodecane (1.75 µL). The reaction 
mixture immediately turned yellow.  The solution was transferred to a screw-top NMR tube with 
a septum-lined cap, and a 31P NMR spectrum was recorded at room temperature. A new complex 
with two doublets at δ 22.84 (J = 30 Hz), 16.15 (J = 30 Hz) was observed. The solution was then 
heated to 90 °C for 90 min. GC/MS analysis of the reaction mixture showed biphenyl, PPh3, and 
OPPh3 as the only products in 22% and 23% yield of phosphine, respectively, according to 
dodecane standard. 
 
Reaction of [(BINAP)Pd(Ph)(Br)] with ammonia and base 
[(BINAP)Pd(Ph)(Br)] (0.0092 g, 0.010 mmol), NaO-t-Bu (0.0021 g, 0.019 mmol), and dodecane 
(2.25 µL) were dissolved in 0.4 mL of THF and transferred to a J-Young NMR tube. Four equiv 
of NH3 (~140 Torr in 3.75 mL gas bulb) were condensed into the tube, and the yellow solution 
was allowed to react at room temperature for 30 min. A 31P NMR spectrum was recorded. A 
complex with 2 doublets at δ 22.84 (J = 30 Hz), 16.15 (J = 30 Hz) and another unidentified 
species with a singlet δ 34.92 ppm were observed in a 1.7:1 ratio. The solution was then heated 
to 90°C for 90 min until the signals at 22.84 and 16.15 ppm disappeared. GC/MS analysis of the 
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reaction mixture showed biphenyl, PPh3 and OPPh3 as the major products in ~ 50% total yield 
according to dodecane standard. A small amount of diphenylamine was observed (< 5%). 
 
Structure Coordinates: 
NH3 
N     0.517467     4.992916 0.387231 
H     1.284851     5.649711 0.494811 
H    -0.305342     5.446059 0.773884 
H     0.725008     4.205748 0.994730 
 
Aniline 
H     0.053812     0.680347 2.903334 
C     0.391730     4.006726 3.541501 
C     1.748242     4.003015 3.911486 
C     2.475719     2.819001 3.916312 
C     1.881476     1.610588 3.555544 
C     0.536770     1.609233 3.187700 
C    -0.203183     2.785463 3.178694 
N    -0.335778     5.176865 3.534632 
H     2.226198     4.935709 4.195118 
H     3.520913     2.843578 4.205979 
H     2.453416     0.690665 3.560937 
H    -1.249583     2.767070 2.889702 
H    -1.303791     5.181367 3.271274 
H     0.086986     6.049117 3.793231 
 
 
Diphenylamine 
H    -0.224279     0.788017     3.461215 
 C     0.577848     4.093396     3.634024 
 C     1.969359     3.976279     3.491473 
 C     2.555652     2.721180     3.359289 
 C     1.781673     1.562987     3.348459 
 C     0.397751     1.676295     3.471209 
 C    -0.198181     2.922110     3.620368 
 N    -0.077910     5.324126     3.736359 
 H     2.586156     4.864258     3.459244 
 H     3.632499     2.653595     3.248749 
 H     2.247232     0.590518     3.242290 
 H    -1.275013     2.998678     3.735262 
 H    -1.041550     5.320428     3.442163 
 C     0.400191     6.559189     4.184939 
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 C    -0.259438     7.724968     3.760473 
 C     0.142671     8.974584     4.214571 
 C     1.221208     9.097319     5.089123 
 C     1.877436     7.944610     5.514795 
 C     1.473835     6.685730     5.080266 
 H    -1.087682     7.641137     3.063612 
 H    -0.384936     9.858478     3.873364 
 H     1.541214    10.072790     5.435192 
 H     2.708646     8.019519     6.207517 
 H     1.973676     5.802025     5.453376 
 
N-Methylaniline 
H     0.059685     0.731661     2.798305 
 C     0.391578     3.999002     3.707123 
 C     1.762832     3.985228     4.013050 
 C     2.500387     2.809556     3.888117 
 C     1.905525     1.629779     3.452929 
 C     0.544432     1.639453     3.141374 
 C    -0.203277     2.800828     3.266025 
 N    -0.391538     5.135869     3.860906 
 H     2.255640     4.888227     4.349718 
 H     3.557391     2.824643     4.132017 
 H     2.486908     0.720842     3.355614 
 H    -1.262979     2.792290     3.028306 
 H    -1.250754     5.119411     3.334334 
 C     0.190130     6.452712     4.034907 
 H     0.890768     6.730724     3.233299 
 H     0.723797     6.517708     4.987612 
 H    -0.614165     7.189119     4.061400 
 
 
N-Methylamine 
N     0.594362     4.888844     0.460233 
C     1.646343     5.908930     0.509270 
H    -0.311559     5.329076     0.334580 
H     0.549033     4.392157     1.344332 
H     1.683575     6.434796    -0.448445 
H     2.615315     5.420895     0.643097 
H     1.538723     6.664762     1.303552 
 
Pd(PMe3)2 
Pd     1.416910    -0.071626     4.180042 
 P     0.866257     1.370792     2.456593 
 P     1.964178    -1.506064     5.911322 
 C     0.575630     3.155315     2.906798 
 C    -0.684504     0.994358     1.494560 
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 C     2.099719     1.555738     1.072293 
 C     0.855570    -2.979135     6.180912 
 C     2.008032    -0.782560     7.627852 
 C     3.632091    -2.333343     5.837997 
 H    -0.235777     3.213995     3.634409 
 H     0.321196     3.759995     2.030704 
 H     1.476144     3.557702     3.374128 
 H    -1.536576     0.985645     2.176621 
 H    -0.598869     0.001020     1.050454 
 H    -0.860433     1.730589     0.704126 
 H     2.273186     0.580472     0.613945 
 H     3.048083     1.908634     1.481392 
 H     1.750840     2.257888     0.308706 
 H     0.837761    -3.585943     5.273855 
 H    -0.161132    -2.632086     6.373573 
 H     1.194365    -3.593295     7.021078 
 H     2.734104     0.031879     7.655463 
 H     2.276255    -1.532636     8.378455 
 H     1.027498    -0.366858     7.866782 
 H     4.410515    -1.568961     5.806406 
 H     3.700851    -2.921502     4.921119 
 H     3.799726    -2.986014     6.700416 
 
(PMe3)2Pd(Ph)(NH2) 
Pd     1.372738    -0.185177     3.894622 
 P     1.240816     1.578698     2.230827 
 P     0.889109    -2.177839     2.743360 
 N     1.856047     1.494407     5.040518 
 C     0.114176     2.937436     2.792634 
 C     0.749127     1.415498     0.437503 
 C     2.874823     2.438089     2.099544 
 C    -0.667208    -3.017589     3.302836 
 C     2.154431    -3.518690     2.945029 
 C     0.660409    -2.184319     0.896174 
 C     1.593865    -1.317945     5.598789 
 C     2.851473    -1.793397     6.005123 
 C     3.015900    -2.509559     7.193268 
 C     1.920925    -2.770744     8.014509 
 C     0.664017    -2.304544     7.635117 
 C     0.506731    -1.589148     6.445350 
 H    -0.919002     2.584250     2.798312 
 H     0.192888     3.812510     2.142092 
 H     0.413639     3.198144     3.807253 
 H    -0.268805     1.026793     0.364032 
 H     1.418995     0.722255    -0.074295 
 H     0.791083     2.383408    -0.069404 
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 H     3.606716     1.774203     1.634581 
 H     3.187885     2.662270     3.119408 
 H     2.798780     3.358552     1.514555 
 H    -1.522782    -2.369648     3.102357 
 H    -0.608736    -3.188287     4.378140 
 H    -0.808822    -3.970939     2.786956 
 H     3.106597    -3.182473     2.529641 
 H     1.841927    -4.433463     2.434424 
 H     2.297197    -3.717765     4.007078 
 H     1.569067    -1.821496     0.412645 
 H    -0.162245    -1.522289     0.622914 
 H     0.443140    -3.192086     0.531983 
 H     3.726051    -1.602161     5.389809 
 H     4.003626    -2.859834     7.478069 
 H     2.046287    -3.324508     8.938680 
 H    -0.198172    -2.492472     8.268137 
 H    -0.484663    -1.230739     6.183010 
 H     1.091395     1.579425     5.713674 
 H     2.634666     1.200427     5.631031 
 
(PMe3)2Pd(Ph)(NH2)-TS 
Pd     1.308293     0.028236     4.095647 
 P     0.607238     1.859537     2.495141 
 P     1.492391    -1.959549     2.870322 
 N     1.400854     1.149873     5.869741 
 C     1.529003     3.415940     2.928347 
 C    -1.150353     2.393386     2.807824 
 C     0.661663     1.921690     0.628101 
 C     1.068566    -2.033973     1.058913 
 C     0.481020    -3.364259     3.541358 
 C     3.201905    -2.682848     2.884957 
 C     1.831236    -0.694363     5.965080 
 C     3.204324    -0.943890     6.232919 
 C     3.592882    -1.885586     7.179363 
 C     2.650620    -2.623153     7.900762 
 C     1.295925    -2.392735     7.645708 
 C     0.886047    -1.457340     6.702586 
 H     0.677787     1.167052     6.574157 
 H     1.504284     3.531281     4.013767 
 H     1.095403     4.298905     2.450616 
 H     2.572541     3.316797     2.621145 
 H    -1.290686     2.525200     3.882310 
 H    -1.835748     1.613321     2.469462 
 H    -1.390616     3.329342     2.295221 
 H     0.030884     1.130449     0.217506 
 H     1.685376     1.749019     0.288445 
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 H     0.318421     2.885666     0.240734 
 H     1.690100    -1.323367     0.510836 
 H     0.023176    -1.750519     0.920353 
 H     1.223023    -3.035722     0.648197 
 H     0.695659    -3.473491     4.605679 
 H     0.700887    -4.301452     3.022329 
 H    -0.580248    -3.132129     3.430231 
 H     3.536918    -2.759594     3.921046 
 H     3.883633    -2.015452     2.353694 
 H     3.226250    -3.670628     2.416309 
 H     3.963730    -0.386345     5.693035 
 H     4.653135    -2.047428     7.353016 
 H     2.961592    -3.353976     8.637517 
 H     0.541209    -2.955990     8.187612 
 H    -0.174938    -1.305089     6.528998 
 H     2.253617     1.529918     6.254933 
 
(PMe3)2Pd(Ph)(NHPh) 
Pd    -0.426410    -0.207267    -0.254082 
 P     0.036346    -2.619152    -0.467029 
 P    -2.577920    -0.237453     0.677680 
 N     1.462218     0.120863    -1.050272 
 C     1.697069    -3.004312    -1.181748 
 C    -1.085502    -3.505815    -1.659761 
 C    -0.007454    -3.748615     1.013291 
 C    -3.373418    -1.841807     1.185299 
 C    -3.915264     0.509189    -0.365568 
 C    -2.705366     0.726123     2.254468 
 C    -0.599496     1.838894    -0.293118 
 C    -0.061667     2.631514     0.730716 
 C    -0.121172     4.025259     0.673868 
 C    -0.714405     4.662243    -0.414889 
 C    -1.239482     3.891608    -1.449085 
 C    -1.181912     2.496125    -1.386388 
 C     2.593118     0.256217    -0.285535 
 C     2.699520    -0.304433     1.012184 
 C     3.885727    -0.244023     1.736945 
 C     5.015887     0.385846     1.218962 
 C     4.924275     0.970613    -0.047402 
 C     3.748949     0.915769    -0.780618 
 H     1.453402     0.801356    -1.800946 
 H     1.817527    -2.445186    -2.108733 
 H     1.798950    -4.077414    -1.363184 
 H     2.472429    -2.665165    -0.494478 
 H    -1.040065    -3.001984    -2.627230 
 H    -2.117933    -3.476085    -1.308320 
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 H    -0.783054    -4.548603    -1.787759 
 H    -1.001593    -3.749734     1.462407 
 H     0.705772    -3.386380     1.755974 
 H     0.258165    -4.772835     0.737989 
 H    -2.752364    -2.341587     1.930136 
 H    -3.481543    -2.500464     0.322238 
 H    -4.362038    -1.662276     1.615974 
 H    -3.635329     1.529074    -0.627919 
 H    -4.867939     0.515893     0.170267 
 H    -4.024989    -0.067547    -1.286076 
 H    -2.381782     1.750963     2.073853 
 H    -2.044031     0.284695     3.002543 
 H    -3.731086     0.720947     2.632200 
 H     0.433280     2.163682     1.575707 
 H     0.309524     4.613469     1.478245 
 H    -0.757000     5.744990    -0.460834 
 H    -1.692624     4.373128    -2.310361 
 H    -1.592623     1.921689    -2.211808 
 H     1.818951    -0.761218     1.453447 
 H     3.920326    -0.684536     2.729171 
 H     5.935911     0.436267     1.789110 
 H     5.784294     1.482819    -0.468321 
 H     3.703932     1.377018    -1.763095 
 
(PMe3)2Pd(Ph)(NHPh)-TS 
Pd     0.564011    -0.242028    -0.230076 
 P     0.534361    -2.740954    -0.310730 
 P     2.702111     0.435022     0.495585 
 N    -1.375248     0.309226    -0.906792 
 C     2.001055    -3.741587    -0.883480 
 C    -0.782698    -3.361272    -1.468911 
 C     0.081752    -3.648052     1.253986 
 C     3.572811     1.567141    -0.690336 
 C     4.049091    -0.790971     0.888040 
 C     2.678237     1.454889     2.046279 
 C    -0.295658     1.681055    -0.391006 
 C     0.087253     2.477625    -1.503747 
 C     0.110055     3.863551    -1.418068 
 C    -0.243914     4.522133    -0.236727 
 C    -0.630037     3.749488     0.860369 
 C    -0.661671     2.360110     0.798670 
 C    -2.567305     0.049241    -0.250175 
 H     2.322829    -3.384041    -1.863934 
 H     1.761808    -4.806757    -0.953648 
 H     2.829300    -3.609416    -0.184899 
 H    -0.553154    -3.032838    -2.484783 
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 H    -1.740865    -2.924665    -1.182034 
 H    -0.858192    -4.452259    -1.452687 
 H    -0.874840    -3.268832     1.617726 
 H     0.836683    -3.460452     2.020398 
 H     0.000337    -4.726389     1.088127 
 H     2.899490     2.387600    -0.944392 
 H     3.808790     1.021282    -1.606200 
 H     4.495586     1.966860    -0.260759 
 H     3.707123    -1.470406     1.671645 
 H     4.960392    -0.289877     1.226185 
 H     4.278653    -1.380679    -0.001674 
 H     2.352707     0.835088     2.884450 
 H     1.957907     2.264833     1.920631 
 H     3.665336     1.869977     2.268310 
 H     0.375289     1.994957    -2.433182 
 H     0.414347     4.437915    -2.288360 
 H    -0.225005     5.603500    -0.176397 
 H    -0.914248     4.235475     1.789243 
 H    -0.979584     1.797241     1.667057 
 H    -1.510608     0.538447    -1.880834 
 C    -2.586584    -0.397769     1.085385 
 C    -3.791048    -0.657030     1.732476 
 C    -5.007620    -0.489617     1.073956 
 C    -5.000572    -0.043976    -0.249584 
 C    -3.806182     0.232506    -0.900514 
 H    -1.642975    -0.546857     1.599392 
 H    -3.775960    -0.998431     2.762510 
 H    -5.942732    -0.697526     1.580288 
 H    -5.937381     0.098045    -0.778266 
 H    -3.817686     0.591135    -1.925385 
 
(PMe3)2Pd(Ph)(NHMe) 
Pd     1.196140    -0.228005     3.986050 
 P     0.508808     1.549742     2.467840 
 P     0.912451    -2.225127     2.767816 
 N     1.462749     1.447569     5.212791 
 C    -0.932922     2.428608     3.228036 
 C    -0.055507     1.366578     0.697203 
 C     1.753504     2.912315     2.299346 
 C     0.461241    -2.200043     0.961982 
 C    -0.388198    -3.361975     3.443716 
 C     2.413446    -3.314383     2.736555 
 C     1.692893    -1.390358     5.612494 
 C     3.015931    -1.768929     5.891061 
 C     3.343223    -2.509662     7.029664 
 C     2.350211    -2.892653     7.928791 
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 C     1.030117    -2.524594     7.677063 
 C     0.710099    -1.785955     6.534885 
 C     2.855153     1.741652     5.558677 
 H    -1.802247     1.767976     3.245638 
 H    -1.182886     3.340886     2.679819 
 H    -0.641886     2.668268     4.251190 
 H    -0.908859     0.688079     0.643863 
 H     0.750366     0.953017     0.087774 
 H    -0.350696     2.333028     0.279428 
 H     2.632335     2.551653     1.761171 
 H     2.047331     3.216637     3.302552 
 H     1.329146     3.765376     1.763172 
 H     1.206604    -1.631961     0.402940 
 H    -0.508445    -1.718239     0.830004 
 H     0.411006    -3.214987     0.558527 
 H    -0.168531    -3.569976     4.491165 
 H    -0.424545    -4.299050     2.881754 
 H    -1.362085    -2.871426     3.387575 
 H     2.721358    -3.526910     3.760355 
 H     3.229628    -2.790647     2.234734 
 H     2.209088    -4.250154     2.209548 
 H     3.815431    -1.475827     5.216536 
 H     4.377907    -2.782329     7.215255 
 H     2.602005    -3.465131     8.815005 
 H     0.245536    -2.808241     8.372297 
 H    -0.327899    -1.510291     6.370505 
 H     3.421461     2.009522     4.659129 
 H     3.403260     0.922909     6.049649 
 H     2.903095     2.611309     6.232481 
 H     0.998042     1.195155     6.082999 
 
(PMe3)2Pd(Ph)(NHMe)-TS 
Pd     1.116225    -1.219024     5.243272 
 P    -0.668652    -0.400941     3.649468 
 P     0.860192    -3.545878     5.345489 
 N     2.055691     0.614875     5.677819 
 C    -1.838283     0.810038     4.449502 
 C    -1.858057    -1.369054     2.580822 
 C     0.142744     0.684797     2.375162 
 C    -0.838539    -4.228497     5.681989 
 C     1.872866    -4.402838     6.639794 
 C     1.335985    -4.489365     3.812805 
 C     2.697144    -0.961829     6.551509 
 C     4.003934    -1.317433     6.118783 
 C     4.986738    -1.686941     7.026846 
 C     4.724769    -1.730873     8.401551 
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 C     3.447813    -1.386305     8.841351 
 C     2.449861    -1.003062     7.946728 
 C     1.646985     1.613302     6.646518 
 H    -2.482773     0.283698     5.156751 
 H    -2.461030     1.324735     3.711861 
 H    -1.256419     1.547617     5.004859 
 H    -2.521898    -1.960660     3.215148 
 H    -1.297944    -2.054874     1.941259 
 H    -2.465611    -0.713994     1.949295 
 H     0.740628     0.068868     1.699884 
 H     0.816848     1.368739     2.893945 
 H    -0.586717     1.254250     1.792437 
 H    -1.522177    -3.907223     4.893925 
 H    -1.202945    -3.831774     6.631509 
 H    -0.833473    -5.321216     5.728918 
 H     2.925314    -4.158583     6.486412 
 H     1.732383    -5.486667     6.609097 
 H     1.593427    -4.021692     7.623099 
 H     2.378075    -4.273136     3.570670 
 H     0.716839    -4.163002     2.975032 
 H     1.216672    -5.568118     3.949373 
 H     4.237070    -1.305269     5.057880 
 H     5.972546    -1.953045     6.655651 
 H     5.495821    -2.022487     9.104695 
 H     3.215582    -1.417453     9.902347 
 H     1.465766    -0.752908     8.328323 
 H     2.178189     1.522541     7.610099 
 H     0.576941     1.537743     6.859690 
 H     1.830530     2.619685     6.251888 
 H     2.940232     0.844122     5.251446 
 
B3LYP Computed Energies 
Molecule ∆G (Hartree) 
Ammonia -56.5760 
Aniline -287.6801 
Diphenylamine -518.7821 
N-Methylaniline -326.9967 
N-Methylamine -95.8884 
(PMe3)2Pd(Ph)(NH2) -667.0734 
(PMe3)2Pd(Ph)(NH2)-TS -667.0334 
(PMe3)2Pd(Ph)(NHPh) -898.1807 
(PMe3)2Pd(Ph)(NHPh)-TS -898.1441 
(PMe3)2Pd(Ph)(NHMe) -706.3819 
(PMe3)2Pd(Ph)(NHMe)-TS -706.3460 
Pd(PMe3)2 -379.4255 
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Chapter 3: Palladium-Catalyzed Aminocarbonylation of Aryl Halides with 
Ammonia 
3.1. Introduction 
Since its discovery by Heck in 1974,1 the palladium-catalyzed carbonylation of aryl 
halides and pseudo halides has been used to prepare a variety of ketones, aromatic carboxylic 
acids, and carboxylic acid derivatives, such as α-keto acids, esters, amides, and aldehydes.  In 
contrast to classic acylation reactions, such as homogeneous2 or heterogeneous3 Friedel-Crafts 
acylations with acid halides or radical-mediated acylation of arenes with carbonyl compounds 
using cerium4 or iron(II),5 transition metal-catalyzed carbonylation reactions occur under milder 
conditions, tolerate a wider range of functional groups, lead to high regioselectivity, and do not 
generate large quantities of waste from stoichiometric Lewis acid additives or radical promoters.  
The syntheses of primary amides through palladium-catalyzed carbonylation have been 
less explored than the syntheses of other aromatic carboxylic acid derivatives. Traditionally, the 
preparation of benzamides has been accomplished through the reaction of benzoic acids with 
ammonia or the hydration of aromatic nitriles.6  In contrast, palladium-catalyzed carbonylation to 
form a primary arylamides begins with an aromatic electrophile. Palladium-catalyzed 
aminocarbonylation of aryl halides with ammonia surrogates such as N-tert-butylamine7 and 
hydroxylamine,8 as well as the carbonylation of aryl bromides with formamide,9 have been 
shown to form primary amides after deprotection. Prior papers on the synthesis of primary 
amides from aryl halides, carbon monoxide or a carbon monoxide source, and ammonia include 
the aminocarbonylation of aryl bromides and activated chlorides with a palladium(II) catalyst 
and monophosphine10 or bisphosphine11 ligands and reactions of aryl bromides and ammonia 
catalyzed by molybdenum hexacarbonyl.12 Investigators at Johnson Matthey also published the 
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same transformation with a limited set of aryl iodides, bromides, chlorides and triflates with 
palladium(II) precatalysts and NH4Cl as the ammonia source.
13 
Most striking about the difference between these palladium catalyzed carbonylation 
reactions and other palladium-catalyzed cross coupling reactions is the high catalyst loading 
required to achieve synthetically useful conversions of the aryl halides from the carbonylation 
reactions. The need for high loadings of catalyst has been attributed to unproductive equilibria 
between the active catalyst and its carbonyl adducts and, as a result, suppression of the oxidative 
addition step.14 Palladium carbonyl complexes have often been proposed when reactions are 
conducted under high pressures of CO,14 but such species have not been isolated or characterized 
in these systems.  
In this chapter, we describe the development of an active catalyst for the 
aminocarbonylation of aryl bromides and iodides with ammonia to form primary amides. This 
catalyst reacts with aryl bromides, ammonia, and CO to form a number of isolable intermediates 
in the catalytic cycle, making it amenable to mechanistic analysis of this system. These 
mechanistic studies are aimed at answering a number of remaining questions that pertain to the 
carbonylation reaction. What is the role of the proposed Pd(0) carbonyl complexes, and do they 
indeed cause the oxidative addition to Pd(0) to be the rate-limiting step? And in that vein, how 
does additional CO affect the rate of oxidative addition? Is a proposed acylpalladium(II) halide 
complex an intermediate in the reaction? If so, what is the mechanism of benzamide release from 
this intermediate when ammonia is the nucleophile in the carbonylation? By understanding the 
key steps in the catalytic cycle, we can move towards understanding the effect of reaction 
conditions on the system as well as designing better catalysts for palladium-catalyzed 
carbonylation reactions. 
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3.2. Background 
We began our investigation of the palladium-catalyzed carbonylation reaction by 
considering a key step in the proposed catalytic cycle. We reported the generation of relatively 
stable, Josiphos (CyPF-t-Bu)-ligated arylpalladium parent amido complexes (CyPF-t-Bu = 1-
dicyclohexylphosphino-2-di-t-butylphosphinoethylferrocene) and sought to explore new classes 
of reactions of parent amido complexes.15 A process similar to the insertion of carbon monoxide 
into an iron-bound terminal amido ligand reported by Fox et al16 was envisioned, in which the 
amido ligand of complex 1 (R = p-OMe) would insert CO to form a carbamoyl complex. This 
complex could then undergo reductive elimination of a primary aryl amide (Figure 10). Indeed, 
the reaction of complex 1 (generated in situ from the arylpalladium bromide precursor, ammonia 
and base) with an atmosphere of CO generated a small amount of benzamide (< 20%), as 
determined by GC/MS analysis. Although the mechanism of this process to generate benzamide 
was unknown at the time, we considered that this reaction could be extended to a catalytic 
formation of primary amides from aryl halides, ammonia and CO. 
 
Figure 10. Process envisioned for the generation of primary amides from a palladium parent 
amido complex. 
  
3.3. Results and Discussion 
3.3.1. Methodology for the palladium-catalyzed aminocarbonylation of aryl iodides, bromides, 
and triflates with ammonia 
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The reaction of p-bromo-tert-butylbenzene with 2 mol % Pd[P(o-tol)3]2 and CyPF-t-Bu 
and 2 equivalents of Cs2CO3
 under an atmospheric pressure of NH3 and CO led to full 
conversion of the substrate and a 60% yield of p-tert-butylbenzamide by GC analysis. Initial 
studies of the palladium-catalyzed aminocarbonylation with ammonia indicated that a number of 
combinations of Pd(0) and Pd(II) complexes and phosphine ligands catalyze the generation of p-
tolylbenzamide from p-bromotoluene (eq 52, Table 4).  We chose to explore the combinations of 
temperature, solvents, and additives with the catalyst generated from Pd[P(o-tol)3]2  and CyPF-t-
Bu because this combination of precatalyst and ligand generates a Pd(0) species that undergoes 
oxidative addition of aryl chlorides and aryl tosylates, even at room temperature.17,18  
Furthermore, the bulky CyPF-t-Bu-ligated has been shown to stabilize a number of reactive 
intermediates in cross-coupling reactions, allowing for their isolation and for studies of their 
reactivity to be conducted. We speculated that intermediates in the aminocarbonylation reaction 
ligated by this bisphosphine would be similarly susceptible to mechanistic analysis.  
Ultimately, the highest yields of benzamide products were achieved in either dioxane or 
DME solvents, most likely due to the solubility of ammonia in these solvents. Reactions 
conducted with inorganic carbonate bases provided the highest yields of benzamide product, 
while those conducted with NEt3 and sodium phenoxide led to lower conversions (< 20%) (eq 
53, Table 5).  Reactions conducted with higher pressures of CO were slower than those 
conducted with lower pressures of CO; no conversion of the substrate was detected with 600 torr 
of CO at 120 °C for 48 h. The pressure of ammonia had little effect on the outcome of the 
reaction. 
After determining conditions that resulted in the high yields of the primary benzamide 
product, we evaluated the scope of the palladium-catalyzed aminocarbonylation of aryl bromides 
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and iodides under low pressures of ammonia and carbon monoxide (Table 6).  This system 
tolerates a wide range of functionality on the aryl halide, including strongly donating groups 
(entries 2, 4 and 7), base-sensitive groups (entry 8) and ortho substituents (entries 5 and 6).  The 
reactions also occur with solid NH4Cl as the source of ammonia and DMF as the solvent (entry 
9). 
 
Table 4. Effect of catalyst components on the aminocarbonylation of p-bromotoluene.a 
entry [Pd] L base yield (%)
 b 
1 Pd[P(o-tol)3]2 CyPF-t-Bu K2CO3 80 
2 Pd(PPh3)4 CyPF-t-Bu K2CO3 60 
3 Pd(OAc)2 CyPF-t-Bu K2CO3 0 
4 Pd(dba)2 CyPF-t-Bu K2CO3 40 
5 Pd[P(o-tol)3]2 PPF-t-Bu K2CO3 92 
6 Pd[P(o-tol)3]2 PPFCy K2CO3 76 
7 Pd[P(o-tol)3]2 Xantphos K2CO3 98 
8 Pd[P(o-tol)3]2 DPPF K2CO3 38 
9 Pd[P(o-tol)3]2 D
iPPF K2CO3 76 
a
 Reaction conditions: Aryl halide (0.1 mmol), [Pd] (2 mol %), ligand (2 mol %), NH3 (~ 5 
mmol), CO (450 Torr), K2CO3 (0.3 mmol), 1 mL dioxane, 120 °C, 36 h   
b
 Determined by GC 
analysis with dodecane as an internal standard. 
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Table 5. Effect of base on the catalytic aminocarbonylation of p-bromotoluene.a 
entry L base yield (%) 
b 
1 CyPF-t-Bu NaOPh 36 
2 CyPF-t-Bu K3PO4 28 
3 CyPF-t-Bu NEt3 0 
4 PPFCy NaOPh 0 
5 PPFCy Cs2CO3 48 
6 PPFCy NEt3 0 
6 PPFCy K3PO4 54 
7 Xantphos NaOPh 16 
8 Xantphos Cs2CO3 42 
9 Xantphos NEt3 10 
10 Xantphos K3PO4 64 
a
 Reaction conditions: Aryl halide (0.1 mmol), Pd[P(o-tol)3]2 (2 mol %), ligand (2 mol %), NH3 
(~ 5 mmol), CO (450 Torr), base (0.3 mmol), 1 mL dioxane, 120 °C, 36 h   b Determined by GC 
analysis with dodecane as an internal standard.  
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Table 6. Catalytic aminocarbonylation of aryl bromides and iodides. a 
entry aryl halide product yield (%)
 d 
1 
X
  
X = I, 70 
X = Br, 90 
2 
 
 
74 
3 
  
80 
4 
  
80 
5 
 
 
91 
6 b 
 
 
89 
7 
Me2N
Br
  
63 
8 
  
64 
9 c 
  
87 
10 
  
48 
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a Reaction conditions: Aryl halide (1 mmol), Pd[P(o-tol)3]2 (2 mol %), CyPF-t-Bu (2 mol %), 
NH3 (~ 5 mmol), CO (450 Torr), K2CO3 (3 mmol), 9 mL dioxane, 120 °C, 36 h. 
b 4 mol % 
catalyst and ligand were used. c Same reaction conditions except NH4Cl (1.1 mmol) and 9 mL 
DMF instead of NH3 and dioxane. 
d Isolated yield. 
 
In contrast to the other cross-coupling reactions of aryl halides and aryl sulfonates 
catalyzed by the combination of Pd[P(o-tol)3]2 and CyPF-t-Bu,
18,19 the aminocarbonylation of 
aryl halides did not occur with unactivated aryl chlorides and aryl tosylates. To understand the 
poor reactivity of these substrates under these conditions, we sought to identify the resting state 
of the catalyst as well as intermediates in the catalytic cycle and to examine their reactivity with 
aryl halides, ammonia and CO.  
3.3.2. Identification of the resting state of the aminocarbonylation catalyst 
Reactions of Pd[P(o-tol)3]2  and CyPF-t-Bu with a variety of aryl bromides, chlorides and 
tosylates form the arylpalladium(II) species within minutes at room temperature.17 However, 
under the conditions of aminocarbonylation, the precatalyst must undergo oxidative addition of 
the aryl halide or pseudohalide in the presence of an atmospheric pressure of CO.  The 
combination of Pd[P(o-tol)3]2 and CyPF-t-Bu under 1 atm of CO in the absence of aryl halide led 
to the formation of a new species, as determined by 31P NMR spectroscopy. Analysis of this 
product by solution IR revealed two metal carbonyl stretching frequencies at 1950 and 1994 cm-
1. These values are similar to the stretching frequencies reported for a dippe-ligated (dippe = di-
iso-propyl(phosphinoethane) Pd(0) dicarbonyl complex.20  A 13C NMR spectrum at room 
temperature of this CyPF-t-Bu-ligated species that was generated with 100% 13C enriched CO 
contained one metal carbonyl peak at 201 ppm.  The 13C NMR spectrum of the same solution at -
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50 °C contained two broad singlets at 197 and  212 ppm.  Attempted isolation of this complex 
led to the formation of another new species identified as the Pd(0) carbonyl dimer, [(CyPF-t-
Bu)2Pd2(µ-CO)] (3, Scheme 9). Although we were unable to isolate a bulk sample of this CO-
bridged dimer in pure form, we confirmed our structural assignment by X-ray diffraction of a 
single crystal (Figure 11).  The isolation of dimeric 3, rather than monomeric dicarbonyl 2, 
indicates that 2 forms from the combination of Pd[P(o-tol)3]2 and CyPF-t-Bu in the presence of 
CO but dissociates CO to form dinuclear complex 3 in the absence of additional CO (Scheme 9).  
Complex 2 was identified as the resting state of the catalyst in the aminocarbonylation of 
aryl halides. Aliquots of catalytic reactions taken at 20% and 100% conversion of bromobenzene 
to benzamide were analyzed by 31P NMR spectroscopy, Complex 2 and free P(o-tol)3 were the 
only phosphorus-containing species detected. 
Fe
tBu2
P
P
Cy2
Pd
O
C
Fe
tBu2
P
P
Cy2
Pd
Fe
tBu2
P
P
Cy2
Pd
CO
CO
Pd[P(o-tol)3]2 + CyPF-t-Bu
CO (200-400 Torr)
THF, RT
< 5 min
- CO
2 3  
Scheme 9. Formation of Pd(0) carbonyl complexes.   
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Figure 11.  ORTEP representation of complex 3.  Pd-Pd bond distance 2.7333(4) Å. C1-O1 = 
1.215(6) Å; Pd-P1 = 2.3620(6) Å; Pd-P2 = 2.3386(6) Å; Pd1-C1 = 1.994(3) Å. 
 
3.3.3. Oxidative addition of aryl halides to bisphosphine-ligated palladium(0) carbonyl 
complexes 
Complexes 2 and 3 do not readily undergo oxidative addition of aryl halides.  At room 
temperature, no reaction between p-bromotoluene and complex 2 in benzene was observed by 
31P NMR spectroscopy. Heating a solution of 2 and p-bromotoluene at 80 °C for 30 min led to 
the formation of two species 4a and 5 in a 4:1 ratio, as determined by 31P NMR spectroscopy (eq 
54). Complex 4a results from carbonyl insertion into the palladium-aryl bond of complex 5.  
When the same reaction was repeated with 3 and p-chlorotoluene, no conversion of 3 was 
observed, even when the sample was heated to temperatures above 120 °C. Compared to Pd(0) 
precatalysts ligated by bisphosphine or other strong σ-donating ancillary ligands, the (CyPF-t-
Bu)Pd(CO)2 complex is less electron-rich, as Pd can back-bond into the carbonyl ligands.  
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Because of the lower reduction potential or aryl chlorides compared to aryl bromides and aryl 
idodes,21 these substrates may undergo slower oxidative addition to a less electron-rich Pd-
carbonyl complex.  
 
We then examined the effect of CO pressure on the oxidative addition of aryl bromides to 
the Pd(0) carbonyl species. Kudo et al reported the oxidative addition of vinyl, benzyl, methyl, 
and aryl halides to the Pd(0) carbonyl complex Pd(CO)(PPh3)3 (Scheme 10).
22 Reversible 
dissociation of one PPh3 ligand to generate the 16 electron Pd(0) species, Pd(CO)(PPh3)2, was 
shown to precede oxidative addition. Reaction of Pd(CO)(PPh3)2 with electrophiles generates the 
five-coordinate Pd(CO)(PPh3)2(R)(X) (R = methyl, vinyl, aryl, benzyl), which immediately 
undergoes CO insertion into the palladium-carbon bond. Notably, only electrophiles with C-X 
bond dissociation energies less than ~ 60 kcal/mol are reactive towards oxidative addition; 
iodobenzene reacts with Pd(CO)(PPh3)3 to form Pd(C(O)C6H5)(I)(PPh3)2, but bromobenzene and 
chlorobenzene do not react. 
 
Scheme 10. Oxidative addition of aryl halides to (PPh3)3Pd(CO). 
We can compare and contrast the triphenylphosphine-ligated carbonyl complex described 
above with the CyPF-t-Bu-ligated carbonyl complexes. Dissociation of one CO ligand by (CyPF-
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t-Bu)Pd(CO)2 to generate (CyPF-t-Bu)Pd(CO) leads to a complex that is three coordinate like 
Pd(PPh3)2(CO), but the similarities between the two complexes extend no further. CyPF-t-Bu is a 
bulky, chelating ligand, and so the steric environment around palladium is much different than in 
the case of triphenylphosphine. In addition, CyPF-t-Bu is electron-rich, and binding of this 
ligand to palladium increases the electron density on the metal. As a result, CO will bind tightly 
to an electron-rich palladium center due to backbonding. Because of these inherent differences 
between triphenylphosphine and Josiphos, the oxidative addition to (CyPF-t-Bu)Pd(CO)2 may 
not proceed through the monocarbonyl complex (CyPF-t-Bu)Pd(CO).  As the identity of the 
species undergoing oxidative addition is unknown, we conducted a series of kinetic studies with 
Pd(0) carbonyl complexes to determine if oxidative addition is preceded by dissociation of one 
or two CO ligands. DiPPF (1,1’-bis(di-isopropylphosphino)ferrocene) possesses similar 
electronic properties and bite angle to CyPF-t-Bu, and  is less expensive. Thus, we conducted our 
kinetic studies with Pd(0) carbonyl compexes of this ligand. The reaction of Pd[P(o-tol)3]2 and 
DiPPF under an atmosphere of CO leads to the Pd(0) dicarbonyl species 6 in Scheme 2. This 
complex is electronically and geometrically similar to complex 2. Two CO stretching 
frequencies were observed in the IR spectrum at 1955 and 1980 cm-1. The 31P NMR spectrum of 
this complex with 13CO contained a triplet at 33.7 ppm due to coupling of two equivalent CO 
ligands to the two phosphorus atoms of the phosphine. The 13C NMR spectrum contained one 
broad singlet at 207 ppm. Two other DiPPF-ligated Pd(0) carbonyl complexes were observed to 
form in solution, depending on the amount of CO added. An IR stretch at 1900 cm-1 is consistent 
with the formation of the terminal monocarbonyl complex 6’ (Figure 12). In the presence of 13C-
labeled CO, the 31P NMR spectrum of the complex contains a doublet at 24.9 ppm. The IR 
stretch at 1720 cm-1 is consistent with a bridging carbonyl ligand and the structure 
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[(DiPPF)2Pd2(µ-CO)] (6’’, Figure 12). 6” contains one broad peak in the 
31P NMR spectrum at 
29.4 ppm.  
 
Figure 12. Equilibria of DiPPF-ligated Pd(0) carbonyl complexes.   
To determine the influence of excess CO on the rate of oxidative addition to Pd(0) 
carbonyl complexes, complex 6 was generated in situ and reacted with an excess of p-
bromofluorobenzene under varying pressures of CO (Scheme 11). The formation of complex 7 in 
the presence of CO was monitored by 19F NMR spectroscopy at 70 °C (Table 7).  The data were 
plotted as kobs versus 1/[CO] (pressure in Torr) (Figure 13). The plot of kobs versus 1/PCO 
(pressure in Torr) consisted of a straight line. These data indicate that the reaction is inverse first 
order in [CO]. In addition, the slope of a plot of log(kobs) versus log(CO) was -1, further 
substantiating the conclusion that the oxidative addition is  inverse first order in CO (Figure 13, 
Scheme 12).  
Reactions conducted with varying concentrations of p-bromofluorobenzene indicated that 
oxidative addition to 6 was first-order in aryl halide (Figure 14). Thus, the oxidative addition of 
aryl halides to Pd(0) catalysts ligated by DiPPF and presumably CyPF-t-Bu under an atmosphere 
of CO occurs after the dissociation of one CO ligand from the dicarbonyl complex to form the 
monocarbonyl complex 6’. This dissociation would be followed by oxidative addition of the aryl 
halide and fast insertion of CO into the Pd-aryl ligand (Scheme 12).  
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Scheme 11. Method for generating a DiPPF-ligated Pd(0) carbonyl complex and measuring the 
rate of oxidative addition of 4-fluorobromobenzene in the presence of excess CO. 
 
Table 7. Observed rate constants for the oxidative addition of p-bromofluorobenzene to 6 in the 
presence of CO. 
entry CO pressure (Torr) kobs  (10
-4
 s
-1
) 
a 
1 257 2.9 
2 389 2.0 
3 518 1.8 
4 660 1.4 
5 926 0.77 
a Pseudo first-order rate constants determined by monitoring the appearance of the DiPPF-ligated 
p-fluorobenzoylpalladium complex by 31P NMR spectroscopy in dioxane. 
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Figure 13. Plots of the rate constants of oxidative addition of p-fluorobromobenzene to 
(DiPPF)Pd(CO)2 in the presence of excess CO. 
 
Figure 14. Effect of the concentration of p-bromofluorobenzene on the oxidative addition to 
(DiPPF)Pd(CO)2. 
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Scheme 12. Proposed steps of the oxidative addition of aryl halides to (DiPPF)Pd(CO)2. 
 
3.3.4. Intermediacy of an acylpalladium complex in the aminocarbonylation reaction 
To confirm the structure of the p-toloyl palladium bromide complex 4a and its role in the 
generation of primary amides in the catalytic reaction, the analogous phenacyl complex 4b was 
prepared independently by the reaction of Pd[P(o-tol)3]2, CyPF-t-Bu and benzoyl bromide in 
80% yield (Scheme 13). Heating complex 4b at 120 °C in the presence of 13CO for one hour led 
to a 1:1 ratio of 13C-labeled to unlabeled acylpalladium complexes, as determined by 31P NMR 
spectroscopy. Therefore, the insertion step is reversible under the reaction conditions.  
The acylpalladium complex 4b reacts with ammonia and base to release benzamide in ~ 
30% yield (Scheme 13).  Because CO insertion into the Pd-aryl bond is reversible, benzamide is 
formed in the highest yields when the solution of complex 4b and ammonia in dioxane contains 
additional CO or the bromide ligand is abstracted with AgOTf. When either CO or AgOTf is 
added, the yields of benzamide improve to 74% and 71%, respectively. 
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Scheme 13. Reaction of acylpalladium complex 4b with NH3 to release benzamide. 
Based on the reaction of 4b with ammonia and CO described above, the acylpalladium 
bromide complex is likely an intermediate in the formation of the benzamide products in the 
catalytic reaction. Complex 4b could react with ammonia by nucleophilic attack of ammonia 
on the acyl group followed by release of benzamide (Path A, Figure 15, the favored 
hypothesis)10,11 or by substitution of the halide ligand with ammonia, deprotonation to form the 
palladium amide, and subsequent reductive elimination to form benzamide (Path B, Figure 15). 
Lin and Yamamoto studied the formation of esters and amides from a variety of palladium(0) 
and palladium(II) monophosphine complexes.23 The authors proposed an alternative pathway 
in Scheme 14  to account for the formation of amides. In this pathway, the amine displaces 
triphenylphosphine to form an ammine complex that undergoes inner-sphere nucleophilic 
attack of the acyl ligand. The first step in the proposed mechanism – ligand substitution of 
diethylamine for triphenylphosphine – was observed experimentally. The ammine ligand is 
presumed to remain protonated when bound to palladium, because piperidine is more reactive 
than the more acidic morpholine in the stoichiometric reaction of (PPh3)2Pd((CO)CH2Ph)(Cl). 
Alcohols are proposed to react similarly to amines but with a deprotonation step to generate 
acylpalladium alkoxide complexes. Josiphos, however, binds strongly to palladium and is 
unlikely to dissociate in the same manner as PPh3 as proposed by Lin and Yamamoto. 
Ammonia is also a smaller nucleophile and a weaker base. 
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Figure 15. Possible mechanisms for the reaction of 4b to form benzamide.   
Scheme 14. Proposed mechanism of carbonylation of a Pd-benzyl ligand with a secondary 
amine. 
We designed a series of kinetic experiments to differentiate between the possible 
reaction pathways of complex 4b based on previously observed reaction trends of 
palladium(II) complexes. If path A were operative, the rate-determining step in the formation 
of benzamide would be the nucleophilic attack of ammonia on the acyl ligand (similar to the 
organic reaction of transesterification). The rate of reaction of 4b would also be dependent on 
the concentration of ammonia. If path B were operative, the rate-determining step in the 
formation of benzamide would be the ligand substitution of bromide with ammonia. The 
reaction of 4b would then be dependent on the concentration of bromide and the concentration 
of ammonia. The addition of base would increase the rate of reaction of 4b, as it would shift 
the equilibrium towards the ammonia-substituted complex. 
The pseudo-first order reaction of 4b with excess ammonia was monitored by 31P NMR 
spectroscopy in dioxane at 80 °C (eq 55, Table 8). The amount of ammonia was increased 
from 10 to 20 equivalents, and as expected, the rate of reaction of 4b increased (entry 2, Table 
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8). This result would be consistent with both paths A and B. Addition of 5 equiv of Nhept4Br 
as a source of excess bromide decreased the reaction rate. This result is consistent with path B, 
in which dissociation of bromide precedes binding of ammonia. When the amount of Nhept4Br 
was doubled, no significant decrease in the rate of reaction was observed (entries 3 and 4, 
Table 8), which may could be due to insolubility of bromide at such a high concentration. The 
addition of base increases the rate of benzamide formation, which is also consistent with 
reaction through path B (entry 5, Table 8). The reaction of 4b with added hexafluorophosphate 
occurred with the same rate as the reaction of 4b with no additives.  
The hydrolysis of phenylesters with an ortho-methyl substituent is slower than less-
sterically hindered methylbenzoate.24 Therefore, if the mechanism of benzamide formation 
occurs through nucleophilic substitution of ammonia at the acyl functional group, the reaction 
should be hindered by the presence of an ortho-methyl substituent rather than accelerated by 
one. In addition, if the rate-determining step is dissociation of the bromide anion to form the 
cationic ammine complex, the added steric demand of the ortho substituent would favor 
dissociation of the bromide ligand in path B to form a 3-coordinate complex to which 
ammonia could bind (and fast deprotonation and reductive elimination would follow).  The 
benzoyl ligand was then replaced with an ortho-toloyl ligand (entry 7, Table 8). Reaction of 
this complex with ammonia was over twice as fast at the reaction of 4b. Therefore, the ortho 
substituent influences the rate-determining step of benzamide formation, which is proposed to 
be ligand substitution of bromide with ammonia in path B.     
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Table 8. Effects of additives and structural changes on the rate of reaction of complex 4b with 
ammonia. 
entry Additives/Details kobs  (10
-4
 s
-1
) 
a 
1 None (as shown) 3.6 
2 NH3 (20 equiv) 6.0 
3 Nhept4Br (5 equiv) 1.5
 
4 Nhept4Br (10 equiv) 1.3
 
5 K2CO3 (5 equiv) 6.3 
6 Nbutyl4PF6 3.4 
7 Ph = o-tolyl 8.0 
a First-order rate constants determined by monitoring the decay of the aroylpalladium bromide 
complex by 31P NMR spectroscopy in dioxane: THF (7:1). 
 
The results of the stoichiometric experiments are consistent with the following catalytic 
cycle (Figure 16). First, the Pd(0) precatalyst binds two molecules of CO to generate a Pd(0) 
dicarbonyl complex that must dissociate one CO ligand before undergoing oxidative addition 
of aryl iodides and bromides. The immediate product of oxidative addition inserts CO to 
generate an acylpalladium(II) species. This acyl complex then reacts with ammonia in the 
presence of K2CO3 to release benzamide and regenerate the Pd(0) species. This final step is 
proposed to occur via substitution of ammonia for the bromide ligand and deprotonation to 
form an acyl-amido species that undergoes reductive elimination. 
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Figure 16. Proposed mechanism for the catalytic aminocarbonylation of aryl bromides and 
iodides with ammonia and CO. 
3.4. Conclusion and Future Outlook 
In conclusion, we have developed a method for the palladium-catalyzed 
aminocarbonylation of aryl bromides and iodides with low pressures of CO and ammonia to 
form primary benzamide products. The method can be applied to the reaction of aryl bromides 
and aryl iodides containing a variety of functional groups and can be conducted without the need 
for a pressure apparatus. We have also characterized two bisphosphine-ligated palladium 
carbonyl complexes that have been identified as the resting states in the catalytic reaction. As a 
result, less reactive substrates such as aryl chlorides and aryl tosylates are slower to undergo 
conversion to the corresponding benzamide. Additionally, we have demonstrated the 
intermediacy of an acylpalladium complex in the carbonylation of aryl halides with an amine 
nucleophile.  
Future studies will focus on the development of new catalyst and ligand combinations 
that will react efficiently with aryl halides and pseudo halides under CO pressure, not just for the 
aminocarbonylation described herein, but also for palladium-catalyzed carbonylation reactions in 
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general. Catalyst poisoning by carbon monoxide appears to be a drawback to a number of 
carbonylative coupling reactions. Our approach to addressing this problem will focus on the 
synthesis of a number of palladium(0) carbonyl complexes with monophosphine, bisphosphine, 
and other nitrogen- or oxygen-based ligands. Once the oxidative addition of aryl halides to these 
complexes is observed, we can explore new nucleophiles such as organic zinc reagents, boronic 
esters, and enolates (or the carbonyl precusors) for carbonylation reactions. Further 
investigations of the CO insertion into a variety of palladium-carbon bonds are proposed: in 
order to expand the scope of palladium-catalyzed carbonylation reactions to include alkyl halide 
electrophiles, one must develop a catalyst that not only oxidatively adds alkyl halides, but 
enhances the insertion step over competing β-hydride elimination reactions. 
3.5. Experimental Details 
All manipulations were conducted under an inert atmosphere. 1H, 19F, and 31P{1H} NMR spectra 
were recorded on a Varian 400 or 500 MHz spectrometer with tetramethylsilane or residual 
protiated solvent as a reference. All 31P NMR chemical shifts are reported in parts per million 
relative to an 85% H3PO4 external standard. All 
19F NMR chemical shifts are reported in parts 
per million relative to a CFCl3 external standard. Elemental analyses were performed at the 
University of Illinois Microanalysis Lab or by Robertson Microlab, Inc., Ledgewood, NJ. 
Analytical gas chromatography (GC) was performed using a Hewlett-Packard 5890 Gas 
Chromatograph fitted with a flame ionization detector and a Hewlett-Packard HP5 (30m x 0.32 
mm) capillary column. GC-MS analyses were obtained on an Agilent 6890-N Gas 
Chromatograph equipped with an HP-5 30 m × 0.25 mm × 0.25 µm capillary column (Agilent). 
The GC was directly interfaced to an Agilent 5973 mass selective detector (EI, 70 eV). CyPF-t-
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Bu (1-dicyclohexylphosphino-2-di-t-butylphosphinoethylferrocene) was obtained from Solvias 
AG and Strem and used without further purification.  
Procedure for the catalytic aminocarbonylation of aryl bromides and iodides 
Aryl halide (1 mmol), Pd[P(o-tol)3]2 (2 mol %) and CyPF-t-Bu (2 mol %) were weighed into a 4 
mL vial and dissolved in 4 mL of dioxane.  The solution was transferred to a 50 mL Schlenk 
bomb along with solid K2CO3 (3 mmol) and another 5 mL of dioxane.  The bomb was sealed, 
exported from the glovebox, and cooled in liquid N2 on a high vacuum line.  NH3 (300 Torr, ~ 5 
mmol) was condensed into the bomb, and the bomb was pressurized with 450 Torr of CO.  The 
reaction mixture was thawed before heating in an oil bath to 120 °C.  After 36 h, the reaction was 
cooled to room temperature and extracted with water (10 mL) and CH2Cl2 (3 x 10 mL).  The 
organic layers were combined and dried over MgSO4. The solution was then filtered, 
concentrated and purified by chromatography (3:1 hex:EtOAc). Except for the one case for 
which a reference is provided, the isolated benzamide products are known compounds and are 
commercially available. 
 
 
2-methylbenzamide: 1H NMR (DMSO-d6) δ 7.64 (s, 2H), 7.28 (m, 3 H), 7.16 (d, 1H), 2.31 (s, 
3H). 13C NMR (DMSO-d6) δ 170.89, 137.07, 135.11, 130.46, 129.15, 127.02, 125.42, 19.61. 
 
2-methoxybenzamide: 1H NMR (DMSO-d6) δ 7.79 (dd, 1H, J = 1.8, 7.7 Hz), 7.63 (br s, 1H), 
7.52 (br s, 1H), 7.46 (ddd, 1H, J = 1.9, 7.4, 8.4 Hz), 7.12 (d, 1H, J = 8.1 Hz), 7.01 (t, 1H, J = 7.5 
116 
 
Hz), 3.88 (s, 3H).13C NMR (DMSO-d6) δ 167.07, 157.85, 133.08, 131.34, 123.36, 122.91, 
112.73, 53.43. 
 
4-tert-butylbenzamide: 1H NMR (DMSO-d6) δ 7.92 (br s, 1H), 7.82 (d, 2H, J = 8.3 Hz), 7.48 
(d, 2H, J = 8.3 Hz), 7.30 (br s, 1H), 1.31 (s, 9H). 13C NMR (DMSO-d6) 167.88, 153.96, 131.73, 
127.69, 125.27, 34.60, 30.97. 
 
4-methoxybenzamide: 1H NMR (DMSO-d6) δ 7.87 (br s, 1H), 7.87 (d, 2H, J = 8.7 Hz), 7.36 (br 
s, 1H), 6.97 (d, 2H, J = 8.8 Hz), 3.82 (s, 3H). 13C NMR (DMSO-d6) 167.35, 161.52, 129.29, 
126.49, 113.33, 55.26. 
 
4-methylbenzamide: 1H NMR (DMSO-d6) δ 7.90 (br s, 1H), 7.77 (d, 2H, J = 8.0 Hz), 7.28 (br s, 
1H), 7.24 (d, 2H, J = 7.9 Hz), 3.29 (s, 3H). 13C (DMSO-d6) 167.79, 141.04, 131.48, 128.71, 
127.50, 20.93.   
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4-(N,N)-dimethylaminobenzamide: 1H NMR (DMSO-d6) δ 7.73 (d, 2H, J = 8.7 Hz), 7.63 (br s, 
1H), 6.93 (br s, 1H), 6.67 (d, 2H, J = 8.7 Hz), 2.95 (s, 6H). 13C NMR (DMSO-d6) δ 167.64, 
152.36, 129.05, 121.01, 110.77, 48.18. 25 
 
2-thiophenecarboxamide: 1H NMR (DMSO-d6) δ 7.99 (br s, 1H), 7.76 (m, 2H), 7.39 (br s, 1H), 
7.15 (t, J = 4.3 Hz, 1H). 13C NMR (DMSO-d6) δ 162.84, 140.31, 130.94, 128.63, 127.86.  
 
4-acetylbenzamide: 1H NMR (DMSO-d6) δ 8.15 (s, 1H), 8.00 (app q, J = 8.5 Hz, 4H), 7.56 (s, 
1H), 2.61 (s, 3H). 13C (DMSO-d6) δ 197.10, 165.20, 139.05, 138.30, 129.32, 128.17, 27.01. 
 
1,3-benzodioxole-5-carboxamide: 1H NMR (DMSO-d6) δ 7.81 (br s, 1H), 7.47 (dd, 1H, J = 1.2 
Hz, 8.9 Hz), 7.40 (s, 1H), 7.24 (br s, 1H), 6.96 (d, 1H, J = 8.4 Hz), 3.33(s, 2H). 13C NMR 
(DMSO-d6) δ 166.91, 149.63, 147.19, 128.27, 122.44, 107.68, 107.50, 101.54. 
 
 
(CyPF-t-Bu)Pd(C(O)Ph)(Br): In a 20 mL vial, Pd[P(o-tol)3]2 (0.098 g, 0.13 mmol) and CyPF-t-
Bu (0.076 g, 0.14 mmol) were stirred in 5 mL of benzene.  In a separate vial, benzoylbromide 
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(0.066 g, 0.36 mmol) was dissolved in 1 mL benzene and added dropwise to the solution of Pd 
and CyPF-t-Bu.  The reaction was stirred at room temperature for 30 minutes, at which time an 
orange precipitate appeared.  The benzene was removed in vacuo, and the resulting orange solid 
was dissolved in ~ 1 mL of THF and precipitated slowly with pentane to yield 0.091 g (80%) of 
(CyPF-t-Bu)Pd(C(O)Ph)(Br). 31P NMR (CDCl3) δ 64.67 (d, J = 43.1 Hz), 19.38 (d, J = 64.3 Hz). 
1H NMR (C6D6) δ 8.26 (br s, 2H on Ar, nearest C(O)), 7.38 (br s, 3H from Ar), 4.95 (s, 1H from 
Fc), 4.50 (s, 1H from Fc), 4.45 (s, 1H from Fc), 4.24 (s, 5H from unsubstituted Cp of Fc), 3.21 
(br s, 1H from alkyl backbone), 1.96 (t, J = 11.2 Hz, 3H from Me of CyPF-t-Bu), 1.69 (d, J = 
11.4 Hz, 9H from t-Bu), 1.11 (d, J = 12.8 Hz, 9H from t-Bu), 0.8-2.7 (remaining  22 H from 
CyPF-t-Bu). Anal. Calculated for PdP2FeC39H57OBr: C, 55.37; H, 6.79. Found: C, 55.09; H, 
6.69.  
 
(CyPF-t-Bu)Pd(C(O)C6H4-o-Me)(Br): In 20 mL vial, Pd[P(o-tol)3]2 (0.059 g, 0.082) CyPF-t-
Bu (0.047 g, 0.085 mmol) and 2-bromotoluene (0.047 g, 0.27 mmol) were dissolved in 5 mL of 
THF and transferred to a 10 mL Schlenk bomb. The reaction vessel was cooled in liquid nitrogen 
and charged with 200 Torr CO. The reaction was warmed to room temperature and allowed to 
stir overnight. The THF was then removed in vacuo, and the remaining orange solid was 
dissolved in a minimal amount of THF and layered with pentane. The solution was cooled to -30 
°C, and an orange solid precipitated, yielding 0.062 g (87%) of (CyPF-t-Bu)Pd(C(O)C6H4-o-
Me)(Br). 31P NMR (CDCl3) δ 65.47 (d, J = 51.4 Hz), 18.55 (d, J = 54.0 Hz). 
1H NMR (C6D6) δ 
9.16 (d, J = 5.5 Hz, 1H on Ar, nearest C(O)), 7.29 (t, J = 6.8 Hz, 1H from Ar), 7.03 (m, 1H from 
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Ar), 6.93 (t, J = 7.1 Hz, 1H from Ar), 4.68 (s, 1H from Fc), 3.92 (br s, 7H from Fc), 3.23 (br s, 
1H from alkyl backbone), 2.83 (s, 3H from o-tolyl Me), 2.14 (t, J = 11.2 Hz, 3H from Me of 
CyPF-t-Bu), 1.57 (d, J = 11.2 Hz, 9H from t-Bu), 1.5 (d, J = 12.7 Hz, 9H from t-Bu), 0.8-2.7 
(remaining  22 H from CyPF-t-Bu). 
 
 
(D
i
PPF)Pd(C6H4-p-F)(Br): In a 20 mL vial, Pd[P(o-tol)3]2 (0.14 g, 0.20 mmol) and p-
bromofluorobenzene (0.12 g, 0.69 mmol) were dissolved in benzene, and the green solution was 
stirred at room temperature for 30 minutes.  After 30 minutes, the solution was filtered through 
Celite, and DiPPF (0.084 g, 0.20 mmol) was added.  The orange solution was stirred at room 
temperature for 4 h.  The solution was then concentrated to ~ 1 mL of benzene, and pentane was 
added to slowly precipitate 0.12 g (74%) of a yellow solid. 31P NMR (CDCl3) δ 41.27 (d, J = 
22.5 Hz), 30.1 (d, J = 24.1 Hz). 1H NMR (CDCl3) δ 7.38 (dd, J = 7.4, 7.93 Hz, 2H), 6.82 (app t, 
J = 9.2 Hz, 2H), 4.44 (s, 2H), 4.42 (s, 4H), 4.41 (s, 2H), 2.84 (heptet, J = 7.7 Hz, 2H), 2.24 
(heptet, J = 7.4 Hz, 2H), 1.59 (dd, J = 8.0, 8.7 Hz, 12H), 1.18 (m, 12H). 19F NMR (CDCl3) δ -
123.15. Anal. Calculated for PdP2FeC28H28BrF: C, 48.06; H, 5.76. Found: C, 48.52; H, 5.79. 
 
Reaction of (D
i
PPF)Pd(C6H4-p-F)(Br) with CO to form (D
i
PPF)Pd(C(O)-C6H4-p-F)(Br) 
In a 4 mL vial, (DiPPF)Pd(C6H4-p-F)(Br) (0.0072 g, 0.010  mmol) was dissolved in 0.3 mL of 
CDCl3 and transferred to a J-Young NMR tube. The tube was then pressurized with 400 Torr 
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CO, and 31P and 19F NMR spectra were recorded. 31P NMR (CDCl3) δ 35.95 (d, J = 47.3 Hz), 
25.25 (d, J = 47.6 Hz). 19F NMR (CDCl3) δ -113.20. 
 
 
(CyPF-t-Bu)2Pd2(µ-CO) IR: ν 1818 cm
-1. See Appendix A for crystallographic data. 
 
Generation and characterization of (CyPF-t-Bu)Pd(CO)2 
In a 4 mL vial, Pd[P(o-tol)3]2 (0.015 g, 0.021 mmol), CyPF-t-Bu (0.012 g, 0.022 mmol) and 
PMes3 (0.0082 g, 0.021 mmol) were dissolved in 0.4 mL of THF-d8, and the solution was 
transferred to a J-Young NMR tube.  The NMR tube was removed from the glovebox and 
pressurized with 13CO (200 Torr) on a high vacuum line. 31P, and 13C NMR spectra were 
recorded at room temperature. By comparing the integration of the product peaks vs. the peak of 
the internal standard in the 31P NMR spectrum, (CyPF-t-Bu)Pd(CO)2 was determined to form in 
99% yield. 31P NMR (THF-H8) δ 76.49 (d, J = 25.1 Hz), 18.98 (d, J = 25.9 Hz); with 
13CO 
instead of CO, these peaks appear as doublets of doublets with J = 15.4, 44.3 Hz. 13C NMR (for 
terminal CO ligands) (THF-d8, -50 °C) δ 212.63 (br s), 197.84 (br s) IR: ν 1950, 1994 cm
-1 
 
Spectral characterization of (D
i
PPF)Pd(CO)2 
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In a 4 mL vial, Pd[P(o-tol)3]2  (0.015 g, 0.021 mmol) and D
iPPF (0.010 g, 0.024 mmol) were 
dissolved in 0.4 mL THF and added to a J-Young NMR tube. 450 Torr of CO was then 
condensed into the tube, and NMR spectra and IR spectra were recorded. 31P NMR (THF-d8) δ 
33.78 ppm (br s); (with 13CO: t, J = 106.8 Hz). 13C NMR (for terminal CO ligands) (THF-d8) δ 
207.02 (br s). IR: ν 1955, 1980 cm-1 
 
Spectral characterization of (D
i
PPF)Pd(CO) and [(D
i
PPF)2Pd2(µ-CO)] 
In a 4 mL vial, Pd[P(o-tol)3]2  (0.026 g, 0.037 mmol) and D
iPPF (0.016 g, 0.038 mmol) were 
dissolved in 0.3 mL THF-d8 and added to a J-Young NMR tube. The tube was then pressurized 
with 400 Torr 13CO, and NMR spectra were recorded. (DiPPF)Pd(CO)2, (D
iPPF)Pd(CO) and 
[(DiPPF)2Pd2(µ-CO)] were generated in a 1:11:4 ratio, respectively, according to 
31P NMR 
spectroscopy. (DiPPF)Pd(CO): 31P NMR (THF-d8) δ 24.92 (d, J = 24.3 ppm). IR: ν 1900 cm
-1. 
[(DiPPF)2Pd2(µ-CO)] 
31P NMR (THF-d8) δ 29.43 (br s). IR: ν 1720 cm
-1. 
 
CO exchange of (CyPF-t-Bu)Pd(C(O)Ph)(Br) 
In a 4 mL vial, (CyPF-t-Bu)Pd(C(O)Ph)(Br) (0.011 g, 0.015 mmol) was dissolved in THF and 
transferred to a J-Young NMR tube. The tube was cooled in liquid N2 and pressurized with 200 
Torr 13CO. The solution was then heated to 80 °C for 1 h, at which time a 31P NMR spectrum 
was recorded. Integration of the doublet of the starting complex versus the doublet of doublets of 
the 13C-labeled product in the 31P NMR spectrum gave a ratio of 1:1 for the 13C unlabeled: 
labeled complexes. 
 
Release of benzamide from (CyPF-t-Bu)Pd(C(O)Ph)(Br) (two methods) 
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(1) In a 4 mL vial, (CyPF-t-Bu)Pd(C(O)Ph)(Br) (0.016 g, 0.019 mmol) and dodecane (5 µL) 
were dissolved in 0.6 mL dioxane and transferred to a 10 mL Schlenk bomb.  K2CO3 (0.0080 g, 
0.58 mmol) was added as a solid to the bomb. On a high vacuum line, NH3 (130 Torr in a 61 mL 
bulb) was condensed into the bomb, and the bomb was pressurized with 450 Torr of CO.  The 
reaction mixture was then heated to 120 °C for 18 h. GC analysis indicated a 74% yield of 
benzamide according to integration of the product peak with the peak for the dodecane standard.  
Benzamide is a known compound and was identified using GC by comparison of the retention 
times of the product with that of the authentic compound. 
(2) In a 4 mL vial, (CyPF-t-Bu)Pd(C(O)Ph)(Br) (0.017 g, 0.021 mmol) and dodecane (4.1 µL) 
were dissolved in 0.6 mL dioxane and transferred to a 10 mL Schlenk bomb. K2CO3 (0.0085 g, 
0.62 mmol) was added as a solid to the bomb. On a high vacuum line, NH3 (200 Torr in a 61 mL 
bulb) was condensed into the bomb. The bomb was returned the the glovebox, where AgOTf 
(0.0053 g, 0.021 mmol) in 0.1 mL of toluene was added to the arm of the flask.  The arm was 
then capped, and the solution of AgOTf was allowed to diffuse into the reaction mixture.  The 
capped vessel was removed from the glovebox and heated to 120 °C for 20 h.  GC analysis 
indicated a 71% yield of benzamide according to integration of the product peak with the peak 
for the dodecane standard. 
 
Representative procedure for measuring the rate of benzamide formation from (CyPF-t-
Bu)Pd(C(O)Ph)(Br)  
In a 4 mL vial, (CyPF-t-Bu)Pd(C(O)Ph)(Br) (0.012 g, 0.014 mmol) was dissolved in 0.35 mL 
dioxane and 0.05 mL THF. The solution was added to a J-Young NMR tube, which was 
pressurized with 84 Torr of condensed NH3 in a 61 cm
3 gas bulb and 200 Torr CO. An initial 
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spectrum was recorded to confirm that no reaction occurred at room temperature. The NMR 
probe was then heated to 80 °C. 31P NMR spectra were recorded over a period of 4 h to monitor 
the pseudo first-order disappearance of the starting compound. 
 
Oxidative addition of 4-bromotoluene to (CyPF-t-Bu)Pd(CO)2 
In a 4 mL vial, Pd[P(o-tol)3]2 (0.013 g, 0.018 mmol) and CyPF-t-Bu (0.0098 g, 0.018 mmol) 
were dissolved in 0.5 mL benzene.  The solution was transferred to a J-Young NMR tube, and 
the tube was pressurized on a high vacuum line with 200 Torr CO. A 31P NMR spectrum of the 
orange solution was recorded to confirm the formation of (CyPF-t-Bu)Pd(CO)2.  4-bromotoluene 
(0.015 g, 0.090 mmol) was added to the solution, and after 1 h, a 31P NMR spectrum was 
recorded.  The solution was then heated to 80 °C for 30 min.  Analysis by 31P NMR spectroscopy 
indicated that (CyPF-t-Bu)Pd(C(O)-C6H4-p-Me)(Br) and (CyPF-t-Bu)Pd(C6H4-p-Me)(Br) were 
formed in a 4:1 ratio. 
 
Determination of the resting state (complex 2) for the catalytic aminocarbonylation of 
bromobenzene 
Bromobenzene (0.030 g, 0.18 mmol), Pd[P(o-tol)3]2 (0.0027 g, 0.0038 mmol), CyPF-t-Bu 
(0.0027 g, 0.0049 mmol) and dodecane (45 µL, 0.18 mmol) were dissolved in 1.0 mL of dioxane 
and transferred to a 10 mL Schlenk bomb.  K2CO3 (0.0812 g, 0.63 mmol) was added to the bomb 
as a solid.  NH3 (150 Torr, 0.48 mmol) was condensed into the bomb, and the vessel was 
pressurized with 220 Torr of CO.  The bomb was then sealed, and the reaction mixture was 
heated to 120 °C for 2.5 h.  At this time, the reaction mixture was transferred to an NMR tube 
with a Teflon-lined screw cap, and a 31P NMR spectrum was recorded. The yield of benzamide 
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was determined by GC analysis to be ~ 20% by integration of the benzamide peak against the 
peak of the dodecane standard. 
 
Representative procedure for measuring the rate of oxidative addition of 4-
fluorobromobenzene to (D
i
PPF)Pd(CO)2  
In the glovebox, Pd[P(o-tol)3]2 (0.015  g, 0.021 mmol) and D
iPPF (0.0088 g, 0.021 mmol) were 
dissolved in 0.25 mL of benzene. The solution was added to a J-Young NMR tube, which was 
exported from the box, cooled to -78 °C in an acetone/dry ice bath, and charged with 400 Torr of 
CO. The solution was warmed to room temperature, imported into the box, and 4-
fluorobromobenzene (12.4 µL, 0.11 mmol) dissolved in 0.05 mL C6D6 was added to the NMR 
tube. The solution was again cooled to -78 °C in an acetone/dry ice bath and charged with 403 
Torr of CO. The reaction mixture was allowed to thaw, and an 19F NMR spectrum was recorded. 
The temperature of the probe was then raised to 70 °C. 19F NMR spectra were recorded every 
minute to monitor the appearance of the complex (DiPPF)Pd(C(O)C6H4-p-F)(Br) at -113 ppm.  
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Chapter 4: Palladium-Catalyzed Cyanation of Aryl Chlorides and Aryl 
Tosylates 
4.1. Introduction 
Traditionally prepared through the Rosenmund-von Braun or Sandmeyer reactions, 
aromatic and heteroaromatic nitriles are important intermediates in the synthesis of 
pharmaceuticals, dyes, agrochemicals and a number of natural products.
1
 To avoid these 
reactions, which require stoichiometric copper and harsh reaction conditions, a number of 
copper-,
2
 nickel-
3
 and palladium-catalyzed
1
 cyanation reactions have been developed. Palladium-
catalyzed methods are generally preferred over the copper- and nickel-catalyzed reactions due to 
their functional group compatibility and high catalyst turnover numbers.
1
  
Despite the ubiquity of reports detailing palladium-catalyzed cyanations of aryl halides, 
few describe methods for the reaction of more economical and versatile aryl chloride and aryl 
sulfonate starting materials.  Furthermore, these reactions still require relatively high 
temperatures, catalyst loadings in excess of 1 mol %, ratios of ligand to Pd  that are greater than 
1 (a drawback when the ligand is expensive), and water and organic solvent mixtures. Therefore, 
developing a general catalyst system capable of coupling relatively less reactive aryl chlorides 
and aryl sulfonates at low catalyst loadings and mild reaction conditions would be a significant 
improvement over the current methods.  
4.2. Background 
 As stated in the introductory chapter, the first palladium-catalyzed cyanation reaction was 
reported by Takagi in 1973.
4
 Until the last few years, the most effective cyanation reactions of 
aryl chlorides required temperatures in excess of 140 °C in pressure tube vessels,
5
 and the 
cyanations of aryl tosylate or aryl mesylate substrates had not been reported. In 2007, workers at 
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BMS demonstrated the cyanation of aryl chlorides with Zn(CN)2,  Pd(OTf)2, and the 
monophosphine tri-tert-butylphosphine in DMA (eq 56).
6
 For maximum yields of the product, 2 
mol % of the catalyst and 8 mol % of the ligand were required. Pd(OTf)2 (OTf = 
trifluoromethanesulfonate) is a relatively expensive source of Pd, and P(t-Bu)3 is expensive and 
hazardous to ship.  
More recently, the Kwong group has reported the cyanation of aryl tosylates,
7
 aryl 
mesylates,
7
 and aryl chlorides
8
 with K4[Fe(CN)6] as the source of cyanide and the combination 
of Pd(OAc)2 and their CM-phos ligand as the catalyst (eq 57). However, the reaction still 
requires 2 mol % Pd and a large excess of ligand relative to the palladium (8 mol %). Another 
potential drawback is the requirement of a mixed solvent system of water and t-butanol or water 
and acetonitrile, which can be cumbersome to separate for disposal when the reaction is run on 
the industrial scale. Nevertheless, cheaper and more readily-accessible aryl chlorides and phenol 
derivatives are reactive under relatively mild conditions, and the increased scope of the reaction 
constitutes a notable advance in the palladium-catalyzed cyanation reaction. 
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 Originally, we sought to understand key steps in the catalytic cyanation of aryl halides in 
order to develop a catalyst with high turnover numbers that is less prone to decomposition in the 
presence of excess cyanide. This chapter will describe the development of a Pd[P(o-tol)3]2 and 
CyPF-t-Bu (CyPF-t-Bu = 1-dicyclohexylphosphino-2-di-t-butylphosphinoethylferrocene) 
catalyst that forms arylnitrile products in high yields from aryl chloride and aryl tosylate 
substrates. The reaction conditions are quite moderate compared to a number of published 
reports, and the ligand loading for the reaction of aryl chlorides is a full order of magnitude 
lower than the protocols highlighted above. There will also be a brief discussion concerning the 
turnover-limiting step of the catalytic cycle and the identity of the resting state of the catalyst. 
4.3. Results and Discussion 
4.3.1. Methods development in the palladium-catalyzed cyanation reaction 
Our studies of this palladium-catalyzed cyanation reaction began with p-chlorotoluene as 
a sterically- and electronically-unbiased substrate. A number of combinations of ligands and 
palladium precursors were tested as catalysts for the cyanation of this substrate. The 
commercially-available phosphines D
i
PPF, Q-Phos and MorDalPhos, as well as the ligands PPF-
t-Bu and CyPFCy in the Josiphos family, did not lead to high conversion of the aryl chloride 
under the conditions initially tested (Figure 17, Table 9 entries 1-6). However, the Josiphos 
ligand CyPF-t-Bu and the Pd[(P-o-tol)3]2 precatalyst combination, which has been shown by our 
group to catalyze the amination of aryl halides with high turnovers,
9,10
 led to complete 
conversion and > 90% yield of p-tolunitrile in less than 16 hours at 80 °C. Other palladium 
precatalysts, such as allylpalladium chloride, as well as alternative sources of cyanide, were 
ineffective for the desired transformation (Table 9).  
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Table 9. Catalyst and ligand combinations for Pd-catalyzed cyanation of p-chlorotoluene.
a 
 
Entry  [Pd] Ligand CN
-
 Solvent Conv.
b
  
1 Pd(dba)2 D
i
PPF Zn(CN)2 DMF 0  
2 APC D
i
PPF Zn(CN)2 DMF 20  
3 Pd(dba)2 Q-Phos
c 
Zn(CN)2 DMF 0  
4 Pd[P(o-tol)3]2 PPF-t-Bu Zn(CN)2 DMA 30  
5 Pd[P(o-tol)3]2 CyPFCy Zn(CN)2 DMA 0  
6 APC MorDalPhos Zn(CN)2 DMF 0  
7 Pd[P(o-tol)3]2 CyPF-t-Bu Zn(CN)2 DMA 71  
8 Pd[P(o-tol)3]2 CyPF-t-Bu TMSCN DMF 0  
9 Pd[P(o-tol)3]2 CyPF-t-Bu K4[Fe(CN)6] DMF 10  
10 Pd[P(o-tol)3]2 CyPF-t-Bu N(Bu4)CN THF 0  
11 Pd[P(o-tol)3]2 CyPF-t-Bu Ac-CN DMF 0  
12 Pd(PPh3)4 CyPF-t-Bu Zn(CN)2 DMF 0  
13 APC CyPF-t-Bu Zn(CN)2 DMF 0  
14 Pd(OAc)2 CyPF-t-Bu Zn(CN)2 DMF 0  
a
 Reaction conditions: p-chlorotoluene (0.40 mmol), cyanide (Zn(CN)2 (0.24 mmol),  TMSCN 
(0.41 mmol), K4[Fe(CN)6] (0.08 mmol), NBu4CN (0.41 mmol), acetone cyanohydrin (Ac-CN) 
(0.41 mmol)), palladium precatalyst  (0.04 mmol, 1 mol %), ligand (0.04 mmol, 1 mol %), 
solvent (0.5 mL), 80 °C, 24 h. 
b
 The conversion was determined by GC analysis with dodecane 
as an internal standard. 
c
 2 mol % of ligand was used. 
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Figure 17. Phosphine ligands tested in the Pd-catalyzed cyanation of p-chlorotoluene. 
With an active catalyst in hand, we then investigated a number of variables expected to 
influence the cyanation reaction.  A number of solvents, cyanide sources, additives, and 
temperatures were examined (Table 10).  The polarity of the solvent had a large effect on the 
yield of p-tolunitrile, presumably due to the higher solubility of Zn(CN)2 in these solvents. 
Reactions in DMF and DMA occurred with the highest conversions of p-chlorotoluene, while 
reactions in THF, toluene, and dioxane occurred with little to no conversion. Additives also had a 
significant effect on the outcome of the reaction.  A number of cyanation procedures require 
elemental zinc or zinc halides. Reactions conducted with the catalyst generated from Pd[P(o-
tol)3]2  and CyPF-t-Bu in the presence of solid Zn occurred in higher yield than those in the 
absence of zinc metal. However, similar or higher yields were obtained by adding a 
substoichiometric amount of LiCl. Under these conditions, p-chlorotoluene was fully converted 
to p-tolunitrile in less than 6 hours at 80 °C. 
4.3.2. Palladium-catalyzed cyanation: reaction scope 
We examined the viability of this method with a number of chloroarene substrates (Table 
10). While substrates with para and meta substituents reacted with Zn(CN)2 to produce aryl 
nitriles in high yields, low yields were initially obtained for the reactions of ortho-substituted 
arenes. With a slight increase in catalyst loading and a full equivalent of LiCl, full conversion of 
these substrates was observed. This catalytic reaction occurs in high yield with electron-rich 
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substrates (entries 3, 4 and 6), heteroarenes (entries 5 and 7), and substrates with functional 
groups such as esters (entry 1) and free amines (entry 4). 
Table 10. Palladium-catalyzed cyanation of aryl chlorides.
a 
 
Entry ArCl ArCN Yield
b
 (%) 
1 
 
O
OMe
NC
 
81 
2 
  
60 
3 
  
84 
4 
  
93 
5
c 
  
84 
6
c 
  
84 
7 
  
60 
a
 Reaction conditions: aryl chloride (0.50 mmol), Zn(CN)2 (0.30 mmol), Pd[P(o-tol)3]2  (0.0040 
mmol, 0.8 mol %), ligand (0.0040 mmol, 0.8 mol %), LiCl (0.10 mmol),  DMF (1.00 mL), 80 
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°C, 12 h. 
b
 Isolated yield. 
c
 2.0 mol % Pd/ligand and 0.50 mmol LiCl were used, and the reaction 
was run at 100 °C. 
Previously, our group demonstrated that the combination of Pd[(P-o-tol)3]2 and CyPF-t-
Bu forms a catalyst that can couple aryl tosylates with alkylamines and arylamines under mild 
conditions.
9,10
 Initial reactions with this precatalyst and ligand combination indicated that this 
catalyst would also couple aryl tosylates with Zn(CN)2 under conditions similar to those applied 
for the cyanation of aryl chlorides. The electron-neutral p-tolyl-tosylate reacted with Zn(CN)2 in 
the presence of 20% Zn in DMF at 80 °C to form p-tolunitrile in > 90% over 24 hours. Reactions 
that contained over 20 mol % of Zn did not go to full conversion. 
The cyanation of a variety of aryl tosylates proceeded smoothly (Table 11). Substrates 
containing electron-donating (entries 4 and 5), electron-withdrawing (entry 1), and base-sensitive 
functional groups (entry 1) were reactive under the applied conditions. We also tested the 
catalytic cyanation of 4-bromoanisole under less forcing conditions than those of the cyanation 
of aryl tosylates.  Reaction of 4-bromoanisole with 0.5 mol % Pd[(P-o-tol)3]2 and CyPF-t-Bu  
and Zn(CN)2 as the cyanide source for 12 h at 50 °C with 20 mol% Zn led to the formation of 4-
methoxybenzonitrile in 73% isolated yield. 
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Table 11. Palladium-catalyzed cyanation of aryl tosylates.
a 
 
Entry ArOTs ArCN Yield
b
 (%) 
1 
  
70 
2 
  
75 
3 
  
76 
4 
  
73 
5 
  
79 
a
 Reaction conditions: aryl tosylate (0.50 mmol), Zn(CN)2 (0.30 mmol), Pd[P(o-tol)3]2  (0.005 
mmol, 1.0 mol %), ligand (0.005 mmol, 1.0 mol %), Zn (0.10 mmol),  DMF (1.00 mL), 80 °C, 
24 h. 
b
 Isolated yield.  
4.3.3. Investigating intermediates in the catalytic cycle and determining the resting state of the 
catalyst 
One of the shortcomings of many palladium-catalyzed cyanation reactions is the 
sensitivity of the catalyst to the cyanide ion. Catalytic or stoichiometric amounts of reductants 
are often added to regenerate Pd(0) from Pd(II) dicyanide or polycyanide species that form in 
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situ under the reaction conditions.
11
 For example, NBu4CN is known to poison Pd(PPh3)4 by 
forming an anionic complex that undergoes oxidative addition of NBu4
+
 to generate [Pd(n-
Bu)(CN)3]
2-
 and [Pd(H)(CN)3]
2-
.
12
 Initial mechanistic investigations of our system indicate that 
the Pd(0) catalyst formed from Pd[(P-o-tol)3]2 and CyPF-t-Bu is active for the coupling reaction, 
even in the presence of multiple equivalents of cyanide. When the active catalyst is generated in 
situ in the presence of NBu4CN, there is no change in the signals in the 
31
P NMR spectrum 
However, degradation of the Pd(II) precatalyst (CyPF-t-Bu)PdCl2, through loss of the 
bisphosphine ligand, is observed in the presence of excess cyanide ion by
 31
P NMR 
spectroscopy.  
Monitoring the cyanation of p-chlorotoluene with ZnCN2 catalyzed by 5 mol % of 
Pd[P(o-tol)3]2 and 5 mol % CyPF-t-Bu, by 
31
P NMR spectroscopy to 65% conversion of the aryl 
chloride revealed a new, unidentified phosphine-ligated palladium species. This species was 
prepared independently and identified by 
31
P NMR spectroscopy by the reaction of (CyPF-t-
Bu)Pd(C6H4-p-Me)(Cl) with equimolar amounts of ZnCl2 and ZnCN2. Although we have been 
unable to generate a single crystal of this complex, its structure is proposed to be a bimetallic 
palladium and zinc species (“proposed resting state,” Figure 19).   
We then measured the rate of formation of p-tolunitrile in the catalytic cyanation of p-
chlorotoluene with varying amounts of LiCl (Figure 18). In the absence of LiCl, the catalytic 
cyanation proceeds only to ~ 70% yield of p-tolunitrile (open dots, Figure 18). When 20 mol % 
LiCl is added to the reaction, the rate of formation of p-tolunitrile increases, and the product is 
obtained in quantitative yield (squares, Figure 18). A full equivalent of LiCl does not increase 
the rate of formation of p-tolunitrile when compared to the rate with 20 mol % LiCl (Xs, Figure 
18). Therefore, the addition of the LiCl likely increases the rate of the transmetalation event. This 
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increased rate could result from the formation of a more soluble and reactive “zinc-ate” species
13
 
and subsequent enhanced release of the cyanide anion to the palladium complex. Because the 
reaction does not appear to be first-order in LiCl, the LiCl might serve to catalyze the 
establishment of an equilibrium to form a more reactive or soluble zinc cyanide species. Once 
this equilibrium is faster than transmetalation, an increased concentration of the catalyst will not 
affect the rate of the overall reaction. 
 
Figure 18. Pd-catalyzed formation of p-tolunitrile from p-chlorotoluene in the absence 
and presence of LiCl. 
The proposed catalytic cycle is shown below in Figure 18 (LL = CyPF-t-Bu). Oxidative 
addition of aryl halides and pseudo halides to the Pd(0) complex generated from the combination 
of Pd[P(o-tol)3]2 and CyPF-t-Bu leads to the arylpalladium halide complex. This species 
undergoes turnover-limiting transmetalation with Zn(CN)2 to form the proposed arylpalladium 
cyanide intermediate. The arylpalladium cyanide complex then undergoes reductive elimination 
to form the aryl nitrile product. The reductive elimination of the arylpalladium complex is known 
in to occur with rates that are faster for aryl ligands with electron-donating substituents than aryl 
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ligands with electron-poor substituents. Arylpalladium cyanide complexes ligated by the 
bisphosphine ligands DPPF, D
i
PPF, and CyPF-t-Bu undergo reductive elimination at room 
temperature and cannot be isolated. An arylpalladium cyanide complex ligated by the 
bisphosphine dppdmp (dppdmp = diphenyl-phosphine dimethylpentane) and with electron-
withdrawing substituents on the aryl ligand was isolable and underwent reductive elimination at 
80 °C.
14
  
 
Figure 19. Proposed mechanism for the palladium-catalyzed cyanation of aryl chlorides. 
4.4. Conclusion  
In conclusion, we have developed a palladium-catalyzed cyanation of aryl chlorides and 
aryl tosylates that occurs under mild temperatures. The catalyst loadings of 0.8 mol % for the 
reactions of aryl chlorides and 1 mol % for reactions of aryl tosylates are the lowest reported for 
the cyanation of these substrates. This method requires a catalytic amount of Zn or LiCl for the 
highest yields of arylnitriles, and so developing a catalyst that is active without additives is still a 
challenging objective. The precise roles of Zn and LiCl in the catalytic reactions are still 
unknown, and experiments aimed at identifying the resting state of the catalyst in the reaction of 
aryl tosylates and additional kinetic measurements with LiCl are underway. 
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4.5. Experimental Details 
All manipulations were conducted under an inert atmosphere. 
1
H and 
31
P{
1
H} NMR spectra were 
recorded on a Varian 400 or 500 MHz spectrometer with tetramethylsilane or residual protiated 
solvent as a reference. All 
31
P NMR chemical shifts are reported in parts per million, relative to 
an 85% H3PO4 external standard. Analytical gas chromatography (GC) was performed using a 
Hewlett-Packard 5890 Gas Chromatograph fitted with a flame ionization detector and a Hewlett-
Packard HP5 (30m x 0.32 mm) capillary column. GC-MS analyses were obtained on an Agilent 
6890-N Gas Chromatograph equipped with an HP-5 30 m × 0.25 mm × 0.25 µm capillary 
column (Agilent). The GC was directly interfaced to an Agilent 5973 mass selective detector (EI, 
70 eV). CyPF-t-Bu (1-dicyclohexylphosphino-2-di-t-butylphosphinoethylferrocene) was 
obtained from Solvias AG and Strem and used without further purification. Pd[P(o-tol)3]2 was 
prepared as previously reported.
10
 All of the benzonitrile products are known compounds, and 
their spectra were compared to those of the commercially-available compounds. 
 
General procedure for the cyanation of aryl tosylates 
In a drybox, aryl tosylate (0.50 mmol), Pd[P(o-tol)3)]2 (0.0050 mmol), CyPF-t-Bu (0.0050 
mmol), and Zn (0.10 mmol) were added to a 4 mL scintillation vial. DMF (1 mL) and a stir bar 
were added, and the vial was sealed with a teflon-lined cap. The reaction mixture was exported 
from the glovebox and was heated to 80 °C for 24 hours. The reaction mixture was then cooled 
to room temperature.  Water (1 mL) and CH2Cl 2 (1 mL) were added, and the organic layer was 
extracted (3 x 1 mL) with water. The organic layers were combined and dried with MgSO4, 
filtered, and concentrated.  The residual solid or oil was dissolved in CH2Cl2 and purified with 
automated column chromatography (3:1 hex: EtOAc) and dried. 
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2’-cyanoacetanilide: 2-cyanotosylate (0.17 g, 0.55 mmol), Pd[P(o-tol)3)]2 (0.0045 g, 0.0063 
mmol ), CyPF-t-Bu (0.0031 g, 0.0056 mmol %), Zn(CN)2 (0.039 g, 0.33 mmol), Zn (0.0074 g, 
0.11 mmol). The white solid was isolated in 76% yield. 
1
H NMR (DMF-d7,CDCl3) δ 8.40 (d, J = 
8.3 Hz, 1H), 7.73 (d, J = 8.2 Hz, 1H), 7.58 (d, J = 7.7 Hz, 1H), 7.34 (d, J = 8.1 Hz, 1H), 7.23 (m, 
1H), 6.95 (m, 1H), 2.06 (s, 3H). 
13
C NMR (DMF-d7,CDCl3) δ 133.92, 131.93, 129.77, 128.20, 
127.55, 123.84, 122.46, 121.01, 24.47 
 
p-methoxybenzonitrile: p-anisyltosylate (0.16 g, 0. 0.75 mmol), Pd[P(o-tol)3)]2 (0.0039 g, 
0.0055 mmol), CyPF-t-Bu (0.0033 g, 0.0066 mmol), Zn(CN)2 (0.044 g, 0.37 mmol), Zn (0.0081 
g, 0.12 mmol). The white solid was isolated in 79% yield. 
1
H NMR (CDCl3) δ 7.59 (d, 2H, J  = 
8.6 Hz), 6.95 (d, 2H, J = 8.6 Hz), 3.85 (s, 3H). 
13
C NMR (CDCl3) δ 162.84, 133.96, 119.17, 
114.73, 104.02, 55.51. 
 
2-naphthonitrile:  2-naphthyltosylate (0.16 g, 0.55 mmol), Pd[P(o-tol)3)]2 (0.0039 g, 0.0055 
mmol), CyPF-t-Bu (0.0031 g, 0.0056 mmol), Zn(CN)2 (0.043 g, 0.37 mmol), Zn (0.0082 g, 0.13 
mmol). The white solid was isolated in 75% yield. 
1
H NMR (CDCl3) δ 8.24 (s, 1H), 7.91 (m, 
3H), 7.63 (m, 3H). 
13
C NMR (CDCl3) δ 134.62, 134.13, 132.21, 129.17, 129.01, 128.39, 128.02, 
127.63, 126.32, 119.24, 109.35 
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5-cyano-1,3-benzodioxole: 5-tosyl-1,3-benzodioxole (0.16 g, 0.56 mmol), Pd[P(o-tol)3)]2 
(0.0040 g, 0.0056 mmol), CyPF-t-Bu (0.0031 g, 0.0056 mmol), Zn(CN)2 (0.040 g, 0.33 mmol), 
Zn (0.0080 g, 0.1223 mmol). The white solid was isolated in 73% yield. 
1
H NMR (CDCl3) δ 7.21 
(d, 1H, J =8.1 Hz), 7.03 (s, 1H), 6.86 (d, 1H, J = 8.1 Hz), 6.07 (s, 2H). 
13
C NMR (CDCl3) δ 
151.57, 148.02, 128.19, 118.69, 111.52, 109.11, 105.01, 102.32. 
 
p-cyano-ethylbenzoate: 4-bromoethylbenzoate (0.20 g, 0.63 mmol), Pd[P(o-tol)3)]2 (0.0052 g, 
0.0073 mmol), CyPF-t-Bu (0.0036 g, 0.0065 mmol), Zn(CN)2 (0.046 g, 0.39 mmol), Zn (0.0082 
g, 0.12 mmol). The white solid was isolated in 70% yield. 
1
H NMR (CDCl3) δ 8.14 (d, 2H, J = 
8.1 Hz), 7.74 (d, 2H, J = 8.1 Hz), 4.41 (q, 2H, J = 7.13 Hz), 1.41(t, 3H, J = 7.1 Hz). 
13
C NMR 
(CDCl3) δ 164.90, 134.28, 132.14, 130.03, 117.97, 116.26, 61.77, 14.20. 
 
General procedure for the cyanation of aryl chlorides 
In a drybox, aryl chloride (0.50 mmol), Pd[P(o-tol)3)]2 (0.0040 mmol, 0.8 mol %), CyPF-t-Bu 
(0.0040 mmol, 0.8 mol %), Zn(CN)2 (0.30 mmol), and LiCl (0.10 mmol) were added to a 4 mL 
scintillation vial.  DMF (1 mL) and a stir bar were added, and the vial was sealed with a teflon-
lined cap.  The reaction mixture was exported and was heated to 80 °C for 12 hours.  The aryl 
nitriles were purified via the method described above. 
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m-cyano-methylbenzoate: 3-chloromethylbenzoate (0.094 g, 0.59 mmol), Pd[P(o-tol)3)]2 
(0.0034 g, 0.0046 mmol), CyPF-t-Bu (0.0025 g, 0.0045 mmol), Zn(CN)2 (0.042 g, 0.36 mmol), 
LiCl (0.0063 g, 0.15 mmol), and Zn (0.0077, 0.12 mmol). The white solid was isolated in 81% 
yield. 
1
H NMR (CDCl3) δ 8.33 (s, 1H), 8.27 (d, 1H, J = 7.9 Hz), 7.84 (d, 1H, J = 7.7 Hz), 7.59 (t, 
1H, J = 7.8 Hz). 
13
C NMR (CDCl3) δ 165.06, 135.93, 133.61, 133.25, 131.44, 129.41, 117.83, 
113.00, 52.66 
 
m-aminobenzonitrile: 3-chloroaniline (0.10 g, 0.78 mmol), Pd[P(o-tol)3)]2 (0.0046 g, 0.0064 
mmol), CyPF-t-Bu (0.0035 g, 0.0063 mmol), Zn(CN)2 (0.056 g, 0.48 mmol), LiCl (0.0068 g, 
0.16 mmol),  and Zn (0.016, 0.24 mmol). The brown oil was isolated in 84% yield. 
1
H NMR 
(CDCl3) δ 7.22 (m, 1H), 7.01 (d, 1H, J = 7.5 Hz), 6.90 (s, 1H), 6.86 (d, 1H, J = 8.8 Hz), 3.88 (br 
s, 2H). 
13
C NMR (CDCl3) δ 146.88, 129.95, 124.88, 121.96, 121.43, 119.06, 117.56. 
 
p-methoxybenzonitrile: 4-chloroanisole (0.088 g, 0.62 mmol), Pd[P(o-tol)3)]2 (0.0036 g, 0.0050 
mmol), CyPF-t-Bu (0.0027 g, 0.0049 mmol), Zn(CN)2 (0.043 g, 0.36 mmol), LiCl (0.0063 g, 
0.15 mmol), and Zn (0.0091, 0.14 mmol). The colorless solid was isolated in 60% yield. 
1
H 
NMR (CDCl3) δ 7.59 (d, 2H, J  = 8.6 Hz), 6.95 (d, 2H, J = 8.6 Hz), 3.85 (s, 3H). 
13
C NMR 
(CDCl3) δ 162.84, 133.96, 119.17, 114.73, 104.02, 55.51. 
 
2-methoxybenzonitrile: 2-chloroanisole (0.089 g, 0.62 mmol), Pd[P(o-tol)3)]2 (0.0090 g, 0.013 
mmol), CyPF-t-Bu (0.0068 g, 0.012 mmol), Zn(CN)2 (0.045, 0.39 mmol) and LiCl (0.028 g, 0.67 
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mmol). The reaction was run for 18 h at 100 °C. The colorless oil was isolated in 84% yield. 
1
H 
NMR (CDCl3) δ 7.52 (m, 2H), 6.97 (dd, 2H, J = 8.3 Hz, 15.0 Hz), 3.90 (s, 3H). 
13
C NMR 
(CDCl3) δ 161.06, 134.33, 133.56, 120.63, 116.41, 111.19, 101.52, 55.86. 
 
1-naphthonitrile: 1-chloronaphthalene (0.12 g, 0.76 mmol) Pd[P(o-tol)3)]2 (0.011 g, 0.015 
mmol), CyPF-t-Bu (0.0084 g, 0.015 mmol), ZnCN2 (0.052 g, 0.45 mmol) and LiCl (0.032 g, 0.75 
mmol). The colorless oil was isolated in 84% yield. 
1
H NMR (CDCl3) δ 8.17 (d, 1H, J = 8.3 Hz), 
8.01 (d, 1H, J = 8.3 Hz), 7.84 (m, 2H), 7.58 (m, 2H), 7.46 (t, J = 7.9 Hz). 
13
C NMR  δ 133.25, 
132.85, 132.44, 132.25, 128.65, 128.55, 127.51, 125.01, 124.89, 117.86, 110.21. 
6-cyanonicotinamide: 6-chloronicotinamide (0.083 g, 0.53 mmol), Pd[P(o-tol)3)]2 (0.0032 g, 
0.0045 mmol), CyPF-t-Bu (0.0025 g, 0.0045 mmol), ZnCN2 (0.037 g, 0.32 mmol) and LiCl 
(0.012 g, 0.28 mmol). The white solid was isolated in 60% yield. 
1
H NMR (DMSO-d6) δ 9.13 (s, 
1H), 8.42 (dd, 1H, J = 2.1, 8.1 Hz), 8.36 (s, 1H), 8.16 (d, 1H, J = 8.1 Hz), 7.89 (s, 1H). 
13
C 
DMSO-d6 δ 165.24, 150.24, 136.83, 134.50, 132.95, 129.08, 117.44. 
Procedure for measuring the kinetics of the formation of 4-tolunitrile from 4-chlorotoluene 
In the glovebox, chlorotoluene (0.041 g, 0.32 mmol), Pd[P(o-tol)3)]2 (0.0054 g, 0.0076 mmol), 
CyPF-t-Bu (0.0044 g, 0.0079 mmol),  and Zn(CN)2 (0.023 g, 0.20 mmol) were weighed into a 4 
mL vial and dissolved in 1.2 mL DMF. The vial was capped with a septum-lined top, and the 
reaction was exported from the glovebox. Dodecane (75 µL) was added as a standard, and the 
reaction was heated to 60 °C. Samples were removed from the reaction every 30 minutes for 5.5 
h, and the aliquots were analyzed by GC to determine the yield of p-tolunitrile at each time point.  
Reaction of (CyPF-t-Bu)Pd(C6H4-p-Me)(Cl) with Zn(CN)2 and Zn(Cl)2 
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In the glovebox, (CyPF-t-Bu)Pd(C6H4-p-Me)(Cl) (0.0084 g, 0.011 mmol), Zn(CN)2 (0.0062 g, 
0.0053 mmol), and ZnCl2 (0.0070 g, 0.0051 mmol) were weighed into a 4 mL vial and dissolved 
in 0.4 mL DMF. The solution was then transfered to a teflon-lined, screw-topped NMR tube and 
exported from the glovebox.  A 
31
P NMR spectrum was then recorded.  
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Chapter 5: Reductive Elimination from Arylpalladium Cyanide Complexes 
5.1. Introduction 
The palladium-catalyzed cyanation of aryl halides has become a common method for the 
synthesis of arylnitriles.1 Since the first report by Takagi in 1973,2 a large number of transition 
metal-catalyzed cyanations of aryl halides have been reported, and recently developed protocols 
occur under conditions suitable for commercial production.1,3 Despite these advances, little 
information on the productive steps of the catalytic cycle has been reported. Grushin and 
coworkers observed anionic palladium(0) and palladium(II) cyanide complexes from 
displacement of the phosphine ligand with cyanide and have shown that these complexes do not 
undergo the oxidative addition and reductive elimination steps proposed to occur during the 
catalytic cycle without dissociation of cyanide ligands (Figure 20).4 Subsequently, Beller and 
coworkers demonstrated the advantageous effect of diamines on the oxidative addition of aryl 
halides to Pd(PPh3)4 in the presence of excess cyanide ion and on the rate of transmetallation 
proposed to form an arylpalladium nitrile that undergoes reductive elimination. However, the 
arylpalladium cyanide complex was not observed.5  
 
Figure 20. Decomposition pathways of the palladium species in the proposed catalytic 
cyanation of aryl halides. 
144 
 
Chapter 4 described the cyanation reaction catalyzed by a Josiphos-ligated palladium(0) 
complex.  As an addendum to the studies of new methods for the palladium-catalyzed cyanation 
reaction, we reported our hypotheses and initial results concerning events in the catalytic cycle, 
specifically the transmetalation of the arylpalladium halide complex with zinc cyanide. In those 
studies, it was assumed that reductive elimination of an aryl nitrile from a proposed 
arylpalladium cyanide complex was fast, as it was not observed in the reaction of the Josiphos-
ligated arylpalladium halide complex with zinc cyanide or other sources of cyanide. Thus, no 
reports have described the isolation of an arylpalladium cyanide complex, allowing an 
assessment of its propensity to undergo reductive elimination 
5.2. Background 
Metal-cyanide linkages are well known to be thermodynamically stable,6 and the facile 
formation of anionic palladium(II) cyanide complexes4 underscores that palladium forms strong 
bonds with cyanide ligands. However, the absence of an observed arylpalladium(II) cyanide 
complex suggests that such complexes could be unstable. If these complexes are unstable, they 
could degrade in the presence of excess cyanide to form anionic species, or the sp2-sp carbon-
carbon bond-forming reductive elimination to form arylnitrile could be fast. If arylpalladium 
cyanide complexes could be isolated and induced to undergo reductive elimination (Scheme 15), 
then one could gain information on the factors controlling the rates of this process. Moloy and 
Nolan proposed that reductive elimination of alkyl nitriles occurs by a mechanism related to that 
for CO insertion into an alkyl group, but data that evaluate this proposal were not obtained. 
Moreover, coupling of a cyano ligand with an aryl group could occur by a process much different 
than that for coupling with an alkyl group.7,8  
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Scheme 15. Reductive elimination of aryl nitriles from a proposed arylpalladium cyanide 
complex. 
In this chapter, we report an isolated arylpalladium cyanide complex and reductive 
eliminations from this complex and its congeners to form aromatic nitriles. The experimental and 
computational data herein assess the relationships between this reductive elimination and related 
reductive eliminations from palladium(II) complexes or migratory insertions of carbon 
monoxide. The effects of the electronic properties of the aryl ligand on the rates and 
thermodynamics for reductive elimination to form arylnitriles contrast those of reductive 
eliminations from palladium(II) to form other types of C-C bonds9 or to form C-N,10 C-O,11 or C-
S12 bonds.13 Instead, our data and computational studies imply that the transition state maps 
closely onto that for insertion of CO into a metal-aryl bond. 
5.3. Results and Discussion 
5.3.1. Isolation and characterization of an arylpalladium cyanide complex 
Our studies began with efforts to isolate a stable arylpalladium cyanide complex. To do 
so, a variety of bisphosphine-ligated p-tolylpalladium bromide complexes were treated with 
sources of cyanide. The reactions of p-tolylpalladium(II) bromide complexes containing DPPF 
(DPPF = bis-1,1’-diphenylphospino ferrocene) and DiPPF (DiPPF = bis-1,1’-
diisopropylphosphino ferrocene) with NBu4CN at 20 °C led to the complete conversion of the 
complexes, as determined by 31P NMR spectroscopy. 1H NMR analyses of the reaction mixtures 
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indicated the formation of p-tolylnitrile in 89% and 98% yield, respectively, but the presumed 
arylpalladium cyanide complex was not observed directly (eq 58). However, the Josiphos (CyPF-
t-Bu)-ligated p-tolylpalladium bromide complex reacted with NBu4
13CN at -78 °C to form a new 
complex that was sufficiently stable to be characterized at -40 °C by 1H and 31P NMR 
spectroscopy (eq 59). The two doublets of doublets in the 31P NMR spectrum confirmed binding 
of one labeled cyanide ligand to palladium. After warming the solution to room temperature, p-
tolylnitrile was formed in 88% yield. 
 
 
 
The arylpalladium cyanide complex (aryl = C6H4-p-Cl) containing the rigid bisphosphine 
ligand dppdmp (dppdmp = 1,3-diphenylphosphino-2,2-dimethylpropane) generated in situ from 
the reaction of (dppdmp)Pd(C6H4-p-Cl)(F) and TMSCN was even  more stable. This complex 
persisted for hours at room temperature, as determined by 31P NMR spectroscopy, whereas the 
complex containing the more electron-rich para-anisyl group was unstable at room temperature. 
Ultimately, we found that complex 1 containing two trifluoromethyl groups on the palladium-
bound aryl ligand was stable enough to be isolated in 91% yield (Scheme 16). Complex 1 was 
characterized by 1H, 31P NMR and IR spectroscopy. This complex undergoes reductive 
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elimination at elevated temperatures over an extended time; heating a solution of 1 at 80 °C for 
16 h led to the conversion of >95% of 1 to form 3,5-trifluoromethyl benzonitrile in 45% yield, 
according to 1H NMR spectroscopy (Scheme 16). 1,3-trifluoromethylbenzene was the major side 
product.  
 
Scheme 16. Synthesis and reductive elimination of arylpalladium cyanide complex 1. 
These initial studies indicated that the arylpalladium cyanide complex containing an 
electron-poor aryl group is more stable toward reductive elimination than the analogous complex 
containing a more electron-rich aryl group. This relative reactivity contrasts that for reductive 
eliminations to form carbon-carbon bonds from arylpalladium(II) and arylplatinum(II) 
complexes, which occur faster from complexes containing electron-withdrawing substituents on 
the aryl group than from analogous complexes containing electron-donating substituents.9,13 
5.3.2. Quantifying the effect of aryl electron-donating and electron-withdrawing substituents on 
the rate of reductive elimination of dppdmp-ligated arylpalladium cyanide complexes  
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To investigate the effect of the electronic properties of the reacting aryl ligand 
quantitatively, a series of dppdmp-ligated arylpalladium cyanide complexes 3a-3e were prepared 
from fluoride complexes 2a-2e. Reaction of these fluoride complexes with TMSCN formed 
arylpalladium cyanide complexes (3a-3e, eq 59) that were characterized at low temperature by 
1H and 31P NMR spectroscopy and by room temperature IR spectroscopy in some cases. Only the 
3,5-trifluoromethyl-substituted complex 1 described above was stable enough to isolate. 
Complexes 3a-3e underwent reductive elimination at 20 or 40 °C at convenient rates in 
DMF and CD2Cl2 to form the corresponding arylnitrile products in 80-95% yield (Scheme 17, 
Table 12). In DMF, the Pd(0) product was Pd(dppdmp)2 and was isolated in 72% yield by from 
heating 2a, TMSCN, and dppdmp at 80 °C in DMF for 30 min.  In CD2Cl2, the palladium 
product was (dppdmp)PdCl2. This complex crystallized from the solution of complex 2e and 
TMSCN in CD2Cl2 (Scheme 17, 3e), implying that the Pd(0) product reacts with the CD2Cl2 
solvent.  
 
 
Scheme 17. Reductive elimination of 3a-3e. 
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Table 12. Yields and rates of reductive elimination of 3a-3e. 
Complex R KDCM (10
-4
 s
-1
) 
a 
KDMF (10
-4
 s
-1
) 
a
 Yield 
b 
3a p-CF3 0.23
 - 81 g 
3a p-CF3
 1.8 0.73 94 
3a p-CF3
 3.2 e ,f 3.6 f 81 
3b p-Cl 0.62 d - 77 h 
3b p-Cl 6.7 e 1.3 98 
3c H 2.5 d 11 80 
3d p-OMe 7.4 c 21 94 
3e o-Me 5.9 22 93 
a First-order rate constants determined by monitoring the decay of the cyanide complex by 1H 
NMR spectroscopy (CD2Cl2) or 
31P NMR spectroscopy (DMF). b Yield of the arylnitrile for the 
reductive elimination step determined by 1H NMR spectroscopy (in CD2Cl2). 
c
 Average of 3 
separate runs. d Average of 2 separate runs. e At 40 °C. f With 2 equiv. B(C6F5)3. 
g Yield after 
81% conversion of the cyanide complex. h Yield after 87% conversion of the cyanide complex. 
 
The rate constants for reductive elimination were measured by monitoring the reaction by 
1H and 31P NMR spectroscopy over a period of 2-56 h and are shown in Table 12. Indeed, 
complexes containing electron-withdrawing substituents on the aryl ligand (3a and 3b, Scheme 
17) underwent reductive elimination more slowly than those containing unsubstituted aryl 
ligands or electron-donating substituents on the aryl ligand (3c and 3d, Scheme 17), and a ρ 
value of -2.00 in CD2Cl2 and DMF was obtained from a Hammett plot (Figure 21). This trend in 
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electronic effects suggests that the aryl ligand acts as a nucleophile in the coupling with an 
electrophilic cyanide ligand. As a side note, complex 3e containing an ortho-substituted tolyl 
ligand reacted more rapidly than the less congested arylpalladium cyanide complexes.  
 
 
Figure 21. Hammett plots for the reductive elimination of dppdmp-ligated arylpalladium cyanide 
complexes in CD2Cl2 and DMF, respectively. 
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Prior reductive eliminations to form alkyl nitriles from alkylpalladium cyanide complexes 
were accelerated by coordination of Lewis acids to the nitrogen of the cyanide ligand.7 A similar 
effect of added Lewis acid was observed on the reductive elimination from 3a, but the effect on 
the reaction of 3a was relatively small. Reactions of complex 3a with added B(C6F5)3 at 40 °C 
were only two to five times as fast as those without added B(C6F5)3, whereas the prior reactions 
of an alkylpalladium cyanide complex with added Lewis acids were one to two orders of 
magnitude faster than the reactions without an added Lewis acid.  Although small, this effect of 
Lewis acid is consistent with a pathway in which the aryl group acts as a nucleophile and the 
cyanide ligand an electrophile. 
5.3.3. Computational results: ground and transition state energies and geometries for reductive 
elimination of arylpalladium cyanide complexes 
A series of computational studies were conducted to gain insight into the origin of the 
electronic effects on the reductive elimination of arylnitriles from arylpalladium(II) complexes. 
These data are summarized in Figure 22. The ground-state and transition-state structures of three 
model PMe3-ligated arylpalladium cyanide complexes were calculated. The reductive 
elimination of benzonitrile from the phenylpalladium cyanide complex containing two cis-
disposed PMe3 ligands was computed to have a barrier of 16.7 kcal/mol. The barrier to 
elimination from the complex containing the more electron-donating p-aminophenyl group was 
computed to be lower (16.1 kcal/mol) than that for elimination from the complex containing the 
more electron-poor p-trifluoromethylphenyl group (17.2 kcal/mol). These results agree with the 
experimental observation that reductive elimination from the more electron-rich arylpalladium 
cyanide complexes is faster than that from the more electron-poor analog. 
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The effect of the electronic properties of the aryl group on the thermodynamic driving 
force for the reductive elimination was parallel to, but much larger, than that on the relative rates. 
Reductive elimination of aryl nitrile from p-aminobenzonitrile was computed to be more 
downhill (∆G‡ = -22.7 kcal/mol) than reductive elimination to form benzonitrile (∆G‡ = -19.3 
kcal/mol), which was predicted to be more downhill than reductive elimination of p-
trifluoromethylbenzonitrile (∆G‡= -15.9 kcal/mol) (Figure 22). The large differences in driving 
forces arise from the contrasting electronic effects of the substituents on the arylpalladium 
cyanide and arylnitrile products. Electron-withdrawing substituents stabilize the arylpalladium 
species but destabilize the arylnitrile product.  
This range in computed driving forces (6.8 kcal/mol) is much larger than the range (1.5 
kcal/mol) in computed transition state energies. As a result, the barrier for reductive elimination 
is lower for complexes containing electron-rich substituents on the aryl ligand, but the barrier for 
the reverse oxidative addition is computed to be lower for complexes with electron-poor aryl 
groups.  
In contrast to this trend, the magnitude of the effect of the aryl substituents on the 
transition state energies for reductive elimination of arylamines, which occur faster from 
complexes containing more electron-poor palladium-bound aryl groups, was computed 
previously to be similar (8.2 kcal/mol) to the effect on the ground state (8.9 kcal/mol).14 These 
effects are similar, because arylpalladium complexes and arylamines are both stabilized by 
electron-withdrawing substituents. Thus, we propose that the strong and opposite electronic 
effect of substituents on the stabilities of the starting palladium complexes and the nitrile 
products causes the unusual electronic effect on the rate of reductive elimination of arylnitriles.15  
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(PMe3)2Pd(C6H4-p-NH2)(CN)
+ C6H6 + C6H5-CF3
2.6
(PMe3)2Pd(C6H5)(CN)
+ C6H5-CF3 + C6H5-NH2
1.5
18.7
18.2
(PMe3)2Pd(C6H4-p-CF3)(CN)
+ C6H6 + C6H5-NH2
17.2
0
Pd(PMe3)2 + H2N-C6H4-p-CN 
+ C6H6 + C6H5-CF3
Pd(PMe3)2 + C6H5-CN 
+ C6H5-NH2 + C6H5-CF3
Pd(PMe3)2 + CF3-C6H4-p-CN 
+ C6H5-NH2 + C6H6
–20.1
–18.7
–15.9
Pd
CNMe3P
Me3P
R
∆∆G‡ for red. elim.:
R = CF3;
R = H;
R= NH2;
∆∆G‡ for ox add'n:
R = CF3; 
R = H;     
R= NH2;
∆G for red. elim.
R = CF3; 
R = H;     
R= NH2;
17.2 kcal/mol
16.7 kcal/mol
16.1 kcal/mol
33.1 kcal/mol
33.6 kcal/mol
38.8 kcal/mol
–15.9 kcal/mol
–19.3 kcal/mol
–22.7 kcal/mol  
Figure 22. Ground state, transition state and overall free energies in kcal/mol for PMe3-ligated 
arylpalladium cyanide complexes undergoing arylnitrile reductive elimination. 
A second contribution to the observed electronic effect could stem from the relationship 
between the reductive elimination of arylnitriles and insertion of CO into a metal-aryl bond. As 
noted in the introduction, the reductive elimination of alkylnitriles from a neopentylpalladium 
cyanide complex was suggested to be related to the insertion of CO.8 Consistent with this 
proposed relationship, insertion of CO into a palladium-aryl bond is known to be faster for 
complexes containing electron-donating substituents on the aryl ligand,16 and CO insertion into 
an M-C bond in which the hydrocarbyl ligand is more electron-donating is more 
thermodynamically favored than CO insertion into an M-C bond in which the hydrocarbyl ligand 
is more electron-withdrawing.17 
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Figure 23. Computed structures of a PMe3-ligated phenylpalladium cyanide complex (blue) and 
a PMe3-ligated arylpalladium CO complex (red) in the ground state (GS) and transition state 
(TS) prior to benzonitrile reductive elimination or insertion. 
Our computational data provide a more precise view of the relationships between these 
two reactions. The computed ground-state structures of neutral PMe3-ligated phenylpalladium(II) 
cyanide and cationic PMe3-ligated phenylpalladium(II)-CO complexes, as well as the transition 
states for reductive elimination of benzonitrile and insertion of CO into a palladium-phenyl bond 
are overlaid in Figure 23. This figure shows that the reaction coordinate for reductive elimination 
of aromatic nitriles resembles that for insertion of CO into a palladium-aryl bond. The C-N bond 
length in the ground-state cyanide complex and the C-O bond length in the ground-state carbonyl 
complex differ by only 0.03 Å. Likewise, the C-N and C-O bond lengths in the transition states 
differ by only 0.01 Å. The bond angles involving the CX (X=N, O) ligands and the phenyl ligand 
in the two complexes also change by a similar amount during the two reactions. The carbon-
palladium-carbon angle changes from 85.7° in the ground state to 59.5° in the transition state (∆ 
= 26.2°) during reductive elimination of the arylnitrile, while the carbon-palladium-carbon angle 
changes from 81.8° to 54.8° (∆ = 27.0°) during insertion of CO into the palladium-aryl bond. 
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The difference between a more synchronous coupling of two ligands and a more 
asynchronous migratory bond formation has been proposed to be distinct forms of concerted 
reductive eliminations. Calhorda reported calculations of the transition state structures for C-C 
bond formation through these two pathways by EHT18 and proposed that that the more 
synchronous process involved lengthening of the two palladium-carbon bonds, while the 
“migratory reductive elimination” involved lengthening of the M-C bond of the migrating group 
and shortening of the palladium-carbon bond of the unsaturated ligand to which migration 
occurs. Data in more recent work by Morokuma et al19 revealed that the Pd-alkynyl bond 
distances were constant or shortened during reductive elimination to form an enyne or 
phenylacetylene (1.99 Å and 2.00 to 1.99 Å, respectively) from a vinyl- or arylpalladium 
acetylide complex, while the palladium-vinyl and palladium-aryl bonds lengthened (2.057 to 
2.110 Å and 2.04 to 2.09 Å, respectively). For reaction of the carbonyl and cyanide complexes 
depicted in Figure 23, the palladium-carbonyl bond shortens from 1.97 Å to 1.91 Å, and the 
palladium-cyanide bond shortens from 2.01 Å to 1.99 Å from the ground to transition states, 
while the palladium-aryl bonds lengthen by 0.11 and 0.09 Å for the two reactions, respectively. 
These changes are consistent with a “migratory” reductive elimination.  
5.4. Conclusion and Future Outlook 
In conclusion, a series of arylpalladium(II) cyanide complexes that undergo reductive 
elimination of arylnitriles have been characterized, and studies of these complexes by 
experimental and computational methods provided insight into the mechanism of reductive 
elimination of arylnitriles. In contrast to the vast majority of reductive eliminations from 
arylpalladium(II) complexes, the reductive elimination of aromatic nitriles from 
arylpalladium(II) cyanide complexes is accelerated by electron-donating substituents on the aryl 
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ligand. This result stems from the large electronic effect on the thermodynamic driving force for 
the reductive elimination of arylnitriles.20 In addition, DFT calculations indicate that the 
transition state structure for the reductive elimination from an arylpalladium cyanide complex is 
more similar to that for insertion of CO into a palladium-aryl bond than to the transition state 
structure for reductive elimination to form alkylarenes. Future studies will seek to reveal the 
scope of this trend in transition state structure and in using this information to improve couplings 
of sp-hybridized groups. 
5.5. Experimental Details 
General Procedures. All manipulations were conducted under an inert atmosphere. 1H, 19F, and 
31P{1H} NMR spectra were recorded on a Varian 400 or 500 MHz spectrometer with 
tetramethylsilane or residual protiated solvent as a reference. All 31P NMR chemical shifts are 
reported in parts per million relative to an 85% H3PO4 external standard. All 
19F NMR chemical 
shifts are reported in parts per million relative to a CFCl3 external standard. Elemental analyses 
were performed at the University of Illinois Microanalysis Lab or by Robertson Microlab, Inc., 
Ledgewood, NJ. Analytical gas chromatography (GC) was performed using a Hewlett-Packard 
5890 Gas Chromatograph fitted with a flame ionization detector and a Hewlett-Packard HP5 
(30m x 0.32 mm) capillary column. GC-MS analyses were obtained on an Agilent 6890-N Gas 
Chromatograph equipped with an HP-5 30 m × 0.25 mm × 0.25 µm capillary column (Agilent). 
The GC was directly interfaced to an Agilent 5973 mass selective detector (EI, 70 eV). CyPF-t-
Bu (1-dicyclohexylphosphino-2-di-t-butylphosphinoethylferrocene) was obtained from Solvias 
AG and Strem and used without further purification. The complexes (PPh3)2Pd(C6H5)(F),
21 
(PPh3)2Pd(C6H4-p-OMe)(F),
21 (PPh3)2Pd(C6H4-p-Cl)(F),
21 (PPh3)2Pd(C6H4-p-CF3)(F),
21 
(DPPF)Pd(C6H4-p-Me)(Br),
22 (DiPPF)Pd(C6H4-p-Me)(Br),
23 (CyPF-t-Bu)Pd(C6H4-p-Me)(Br),
23 
(dppdmp)PdCl2,
34 and Pd(dppdmp)2
34 have been previously synthesized and characterized. 
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NBu4
13CN was prepared according to a previous report.24 The synthesis of dppdmp has been 
reported elsewhere.25 All other chemicals were used as received from commercial sources. 
Computational Details. All DFT calculations were performed using the hybrid, three-parameter 
exchange functional of Becke (B3)26 and the correlation functional of Lee, Yang, and Parr 
(LYP)]27(B3LYP) as implemented in Gaussian 09.28 The palladium and phosphorus atoms were 
modeled with the effective core potential and associated triple ζ basis sets of Hay and Wadt 
(LANL2TZ).29-31 For the palladium atom, an f polarization function was added to the basis set. 
All other atoms were calculated with the 6-311G** basis set.32,33 Unless otherwise noted, all 
geometries are fully optimized and confirmed as minima or n-order saddle points by analytical 
frequency calculations at the same level. 
 
Reaction of NBu4CN with bisphosphine-ligated arylpalladium bromide complexes 
In the glovebox, (DPPF)Pd(C6H4-p-Me)(Br) (0.013 g, 0.016 mmol) and trimethoxybenzene 
(0.0029 g, 0.017 mmol) were weighed into a 4 mL scintillation vial and dissolved in 0.4 mL 
CD2Cl2. The solution was transferred to a screw-topped NMR tube with a septum-lined cap. In a 
separate vial, NBu4CN (0.0064 g, 0.024 mmol) was dissolved in 0.1 mL CD2Cl2. This solution 
was then drawn into an airtight syringe, which was capped with a silicone stopper.  The NMR 
tube was then cooled to -78 °C, and the NBu4CN solution was added.  The reaction mixture was 
then warmed to room temperature, and 1H and 31P NMR spectra were recorded.  The 1H NMR 
spectrum indicated that p-tolylnitrile had formed in 89% yield based on the integration of an 
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aromatic peak of the organic product versus integration of the aromatic resonance of the internal 
standard. The 31P NMR spectrum indicated > 95% conversion of the arylpalladium bromide 
complex to unidentified products with two singlet resonances at 10.37 and 8.22 ppm in a ratio of 
2:1. 
The reaction of (DiPPF)Pd(C6H4-p-Me)(Br) with NBu4CN was performed in the same manner as 
the reaction of (DPPF)Pd(C6H4-p-Me)(Br) described above with the following amounts of 
reagents: (DiPPF)Pd(C6H4-p-Me)(Br) (0.011 g, 0.016 mmol), trimethoxybenzene (0.0030 g, 
0.017 mmol), NBu4CN (0.0065 g, 0.024 mmol). p-Tolylnitrile was formed in 98% yield. The 
31P 
NMR spectrum indicated > 95% conversion of the arylpalladium bromide complex to 
unidentified products with two singlet resonances at 27.15 and -1.40 ppm in a ratio of 1:1.3. 
 
Generation, low temperature characterization, and reductive elimination of (CyPF-t-
Bu)Pd(C6H4-p-Me)(
13
CN) 
In the glovebox, (CyPF-t-Bu)Pd(C6H4-p-Me)(Br) (0.0066 g, 0.0079 mmol) and 
trimethoxybenzene (0.0011 g, 0.0065 mmol) were weighed into a 4 mL vial and dissolved in 0.4 
ml of CD2Cl2.  The solution was transferred to a screw-topped NMR tube with a septum-lined 
cap.  Into a separate vial, NBu4
13CN (0.0055 g, 0.020 mmol) was weighed and dissolved in 0.1 
ml of CD2Cl2.  This solution was then drawn into an airtight syringe, which was capped with a 
silicone stopper.  A 1H NMR spectrum was recorded of the palladium complex and internal 
standard.  The NMR tube was then cooled to -78 °C, and the NBu4
13CN solution was added.  The 
tube was inserted into the NMR probe that had been cooled to -40 °C, and 1H and 31P NMR 
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spectra were recorded.  The yield of (CyPF-t-Bu)Pd(C6H4-p-Me)(
13CN) was determined to be 96 
% based on integration of the most downfield aryl proton peak, relative to that of the aryl 
resonances of the trimethoxybenzene standard. 31P NMR (CD2Cl2) δ 79.54 (dd, JPP = 27.5 Hz, 
JPC = 11.7 Hz), 9.64 (dd, JPP = 31.3 Hz, JPC = 122.9 Hz). 
1H NMR (CD2Cl2) δ 7.31 (m, 1H), 7.06 
(m, 1H), 6.94 (d, J = 2.0 Hz, 1H) 6.79 (d, J = 5.2 Hz, 1H) , 4.84 (s, 1H), 4.51 (s, 1H), 4.43 (s, 
1H), 4.22 (s, 5H), 3.08 (m, 1H), 2.22 (s, 3H), 1.82 (s, 3H), 1.58 (d, J =10.7 Hz, 9H), 1.37 (d, J = 
14.0 Hz, 9H), 0.8-2.1 (alkyl H from CyPF-t-Bu). The sample was then warmed to room 
temperature for 30 min.  The yield of p-tolunitrile was 88%, according to the integration of the 
arylnitrile doublet resonance at 7.30 ppm compared to those of the aromatic resonances of the 
trimethoxybenzene standard.  
 
(PPh3)2Pd(C6H3-3,5-CF3)(F): (PPh3)2Pd(C6H3-3,5-CF3)(F) was synthesized by a procedure 
described previously for the preparation of PPh3-ligated arylpalladium fluoride complexes.
1 The 
reagents were added in the following amounts: (PPh3)2Pd(C6H3-3,5-CF3)(I) (0.104 g, 0.108 
mmol), AgF (0.027 g, 0.213 mmol) and benzene (5 mL).  The reaction yield was 0.078 g (84%). 
31P NMR (CD2Cl2) δ 20.07 (s). 
1H NMR (CD2Cl2) δ 7.62 (m, 12 H), 7.41 (m, 6H), 7.32 (m, 12 
H), 7.09 (s, 2H), 6.75 (s, 1H). 19F NMR (-40 °C, CD2Cl2) δ -288.50 (br s), -63.91 (s). Anal. Calc. 
for PdP2C44H33F: C, 61.23; H, 3.85. Found C, 61.76; H, 4.17.  
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 (dppdmp)Pd(C6H4-p-Cl)(F): (PPh3)2Pd(C6H4-p-Cl)(F) (0.175 g, 0.230  mmol) and dppdmp 
(0.101 g, 0.230 mmol) were weighed into a 20 mL vial, and 2 mL of toluene was added.  The 
white suspension was stirred at room temperature for 30 min.  After that time, the white solid 
product was collected on a frit and washed with additional toluene to yield 0.139 g (89%) of 
(dppdmp)Pd(C6H4-p-Cl)(F). 
31P NMR (CDCl3) δ 24.9 (dd, JPP = 45.6 Hz, JPF = 167.6 Hz), -7.99 
(dd, JPP = 45.6 Hz, JPF = 17.6 Hz).  
1H NMR (CDCl3) δ 8.12-8.08 (m, 4H), 7.59 (dd, J = 7.5 Hz, 
8.0 Hz, 4H), 7.45-7.37 (m, 8H), 7.32-7.29 (m, 4H), 6.94 (dd, J = 5.9, 8.0 Hz, 2H), 6.65 (dd, J = 
1.9 Hz, 8.3 Hz, 8H), 2.35-2.32 (m, 4H), 0.83 (s, 6H).19F NMR (-40 °C, CDCl3) δ -251.30 (d JPF 
= 166.9 Hz). Anal. Calc. for PdP2C35H34FCl: C, 62.05; H, 5.06. Found C, 62.09; H, 5.09. 
 
(dppdmp)Pd(C6H4-p-CF3)(F): (PPh3)2Pd(C6H4-p-CF3)(F) (0.077 g, 0.097 mmol) and dppdmp 
(0.044 g, 0.099 mmol) were weighed into a 20 mL vial, and 2 mL of toluene were added.  The 
white suspension was stirred at room temperature for 30 min.  After that time, the white solid 
was collected on a frit and washed with additional toluene, yielding 0.049 g (71%) of 
(dppdmp)Pd(C6H4-p-CF3)(F). 
31P NMR (CD2Cl2) δ 24.20 (dd, JPP = 46.4 Hz, JPF = 165.4 Hz), -
7.69 (dd, JPP = 46.2 Hz, JPF = 13.6 Hz).  
1H NMR (CD2Cl2) δ 8.12 (m, 4H), 7.31-7.58 (m, 16H), 
7.17 (d, J = 3.6 Hz, 2H), 6.89 (d, J = 7.5 Hz, 2H), 2.37 (m, 4H), 0.86 (s, 6H). 19F NMR (-40 °C, 
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CDCl3) δ -254.12 (d JPF = 163 Hz), -61.71 (s). Anal. Calc. for PdP2C36H34F4: C: 60.81, H: 6.79; 
Found C: 60.71, H: 4.72. 
 
(dppdmp)Pd(C6H5)(F): (PPh3)2Pd(C6H5)(F) (0.037 g, 0.051 mmol) and dppdmp (0.025 g, 0.057 
mmol) were weighed into a 20 mL vial, and 2 mL of toluene were added.  The white suspension 
was stirred at room temperature for 30 min. After that time, the white solid was collected on a 
frit and washed with additional toluene, yielding 0.032 g (99%) of (dppdmp)Pd(C6H5)(F). 
31P 
NMR (CD2Cl2) δ 24.86 (dd, JPP = 46.4 Hz, JPF = 157.5 Hz), -8.77 (dd, JPP = 47.1 Hz,  JPF = 4.6 
Hz). 1H NMR (CD2Cl2) δ 8.15 (m, 4H), 7.30-7.59 (m, 16H), 7.01 (m, 2H), 6.66 (br s, 3H), 2.33 
(dd, J = 3.0, 9.9 Hz, 4H), 0.78 (s, 6H). 19F NMR (-40 °C, CDCl3) δ -249.38 (d JPF = 163.0 Hz). 
Anal. Calc. for PdP2C35H35F: C: 65.38, H: 5.49; Found C: 64.76, H: 5.64. 
 
(dppdmp)Pd(C6H4-p-OMe)(F): (PPh3)2Pd(C6H4-p-OMe)(F) (0.055 g, 0.072 mmol) and 
dppdmp (0.032 g, 0.73 mmol) were weighed into a 20 mL vial, and 2 mL of CH2Cl2 were added.  
The solution was stirred at room temperature for 30 min.  After that time, 5 mL of pentane were 
added to precipitate a white solid.  The solid was collected on a frit and washed with additional 
pentane and ether, yielding 0.037 g (78%) of (dppdmp)Pd(C6H4-p-OMe)(F). 
31P NMR (CD2Cl2) 
δ 25.01 (dd, JPP = 44.0 Hz, JPF = 168.3 Hz), -7.15 (dd, JPP = 46.3 Hz,  JPF = 19.7 Hz). 
1H NMR 
162 
 
(CD2Cl2) δ 8.18 (m, 4H), 7.51-7.35 (m, 16H), 6.90 (t, J = 7.1 Hz, 2H), 6.34 (d, J = 7.0 Hz, 2H), 
3.62 (s, 3H), 2.36 (dd, J = 5.2, 9.8 Hz, 4H), 0.80 (s, 6H). 19F NMR (-40 °C, CDCl3) δ -267.44 (d 
JPF = 170.2 Hz).  Anal. Calc. for PdP2C36H37OF: C: 64.10, H: 5.50; Found C: 64.30, H: 5.42. 
 
(dppdmp)Pd(C6H4-o-Me)(F):(PPh3)2Pd(C6H4-o-Me)(F) (0.044 g, 0.059 mmol) and dppdmp 
(0.028 g, 0.063 mmol) were weighed into a 20 mL vial, and 2 mL of toluene were added.  The 
white suspension was stirred at room temperature for 30 min.  After that time, the white solid 
was collected on a frit and washed with additional toluene, yielding 0.029 g (75%) of 
(dppdmp)Pd(C6H4-o-Me)(F). 
31P NMR (CD2Cl2) δ 25.91 (dd, JPP = 45.3 Hz, JPF = 164.8 Hz), -
6.03 (dd, JPP = 45.1 Hz,  JPF = 19.3 Hz).  
1H NMR (CD2Cl2) δ 8.20 (m, 2H), 8.04 (m, 2H), 7.52-
7.37 (m, 16H), 7.00 (m, 1H), 6.85 (m, 1H), 6.61 (m, 1H), 6.46 (d, J = 6.8 Hz, 1H), 2.32 (br s, 
2H), 2.21 (br s, 2H), 1.13 (s, 3H), 0.42 (s, 3H). 19F NMR (-40 °C, CDCl3) δ -264.00 (d JPF = 
163.8 Hz). Anal. Calc. for PdP2C36H37F: C: 65.81, H: 5.68; Found C: 66.09, H: 5.96 
 
(dppdmp)Pd(C6H3-3,5-CF3)(CN): (PPh3)2Pd(C6H3-3,5-CF3)(F) (0.050 g, 0.058 mmol) and 
dppdmp (0.026 g, 0.059 mmol) were weighed in a 20 mL vial and dissolved in 2 mL toluene.  
The solution was stirred for 30 min at room temperature, at which time a white solid precipitated.  
TMSCN (11.5 µL) was then added to the reaction, as well as 0.5 mL CH2Cl2 to assist in the 
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dissolution of the white solid.  The reaction was stirred for 5 min.  Addition of pentane (2 mL) 
led to precipitation of the product as a white solid.  The solid was collected on a frit and washed 
with pentane to yield 0.042 g (91%) of (dppdmp)Pd(C6H3-3,5-CF3)(CN). Single crystals of the 
complex suitable for X-ray diffraction were obtained by dissolving the solid in a minimal amount 
of CH2Cl2, layering the solution with pentane and storing the solution at -35 °C overnight.  
31P 
NMR (CD2Cl2) δ 13.89 (d, J = 45.9 Hz), 3.09 (d, J = 46.3 Hz). 
1H NMR (CD2Cl2) δ 7.87 (m, 
4H), 7.54 (m, 2H), 7.44 (s, 1H), 7.43 (s, 1H), 7.26 (m, 14H), 7.13 (s, 1H), 2.38 (t, J = 10.6 Hz, 
4H), 0.82 (s, 6H). 19F NMR (CD2Cl2) δ -63.29 (s). Anal. Calc. for PdP2C38H33F6: C, 58.06; H, 
4.23; N, 1.78. Found: C, 57.93; H, 4.13; N, 2.30. 
General procedure for the characterization of the bisphosphine-ligated arylpalladium 
cyanide complexes (3a-3e) at low temperature 
The bisphosphine arylpalladium fluoride precursor and trimethoxybenzene were weighed into a 
4 mL vial and dissolved in 0.4 mL of CD2Cl2.  The solution was then transferred to a screw-
topped NMR tube with a septum-lined cap.  In a separate 4 mL vial, 1.5 equiv of TMSCN were 
dissolved in 0.1 ml CD2Cl2 and taken up in a 1 mL gastight syringe, which was sealed with a 
silicone stopper.  The two solutions were exported from the glovebox. An initial 1H NMR 
spectrum of the arylpalladium fluoride complex was recorded. The NMR tube was then cooled to 
-78 °C, and the TMSCN solution was added.  31P and 1H spectra were then recorded in an NMR 
probe that had been precooled to -40 °C.  The yield of the complex was calculated based on 
integration of an aryl peak of the complex versus the integration of the resonances of the 
trimethoxybenzene standard (at 6.08 ppm and 3.78 ppm). Note: the peaks in the 1H NMR spectra 
at 0.35 (s), 0.22 (d, J = 7.45 Hz), and 0.06 (s) ppm correspond to TMSCN, TMSF, and HMDSO 
(present in the TMSCN solution), respectively. 
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The complex (dppdmp)Pd(C6H4-p-OMe)(CN) was generated in 78% yield, according to the 
procedure listed above with the following amounts of reagents: (dppdmp)Pd(C6H4-p-OMe)(F) 
(0.0090 g, 0.013 mmol); TMSCN (2.7 µL, 0.020 mmol), trimethoxybenzene (0.0020 g, 0.012 
mmol). 31P NMR (CD2Cl2) δ 9.90 (d, J = 46.1 Hz), -2.12 (d, J = 46.2 Hz). 
1H NMR (CD2Cl2) δ 
7.88-7.90 (m, 4H), 7.29-7.51 (m, 16H), 6.70 (d, J = 7.6 Hz, 2H), 6.29 (d, J = 7.2 Hz, 2H), 3.56 
(s, 3H), 2.36 (m, 4H), 0.71 (s, 6H). 
 
The complex (dppdmp)Pd(C6H4-p-Cl)(CN) was generated in 99% yield, according to the 
procedure listed above with the following amounts of reagents: (dppdmp)Pd(C6H4-p-Cl)(F) 
(0.0060 g, 0.0088 mmol); TMSCN (1.8 µL, 0.013 mmol), trimethoxybenzene (0.0016 g, 0.010 
mmol). 31P NMR (CD2Cl2) δ 11.25 (d, J = 46.4 Hz), -0.21 (d, J = 46.6 Hz). 
1H NMR (CD2Cl2) δ 
7.84 (m, 4H), 7.51 (m, 4H), 7.34 (m, 12H), 6.80 (app t, J = 7.2 Hz, 2H), 6.61 (d, J = 7.2 Hz, 2H), 
2.35 (app d, J = 9.7 Hz, 4H), 0.70 (s, 6H). 
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The complex (dppdmp)Pd(C6H4-p-CF3)(CN) was generated in 95% yield according to the 
procedure listed above with the following amounts of reagents: (dppdmp)Pd(C6H4-p-CF3)(F) 
(0.0062 g, 0.0087 mmol), TMSCN (1.8 µL, 0.016 mmol), trimethoxybenzene (0.0023 g, 0.014 
mmol). 31P NMR (CD2Cl2) δ 11.51 (d, J = 47.0 Hz), -0.21 (d, J = 47.0 Hz). 
1H NMR (CD2Cl2) δ 
7.86 (m, 4H), 7.52 (d, J = 2.1 Hz, 4H), 7.31 (m, 12H), 7.03 (t, J = 7.3 Hz, 2H), 6.81 (d, J = 7.6 
Hz, 2H), 2.36 (d, J = 9.9 Hz, 4H), 0.69 (s, 6H). IR νCN = 2129 cm
-1. 
 
The complex (dppdmp)Pd(C6H5)(CN) was generated in 99% yield according to the procedure 
listed above with the following amounts of reagents: (dppdmp)Pd(C6H5)(F) (0.0058 g, 0.0090 
mmol); TMSCN (1.8 µL, 0.014 mmol), trimethoxybenzene (0.0019 g, 0.011 mmol). 31P NMR 
(CD2Cl2) δ 11.91 (d, J = 47.0 Hz), -0.28 (d, J = 47.0 Hz). 
1H NMR (CD2Cl2) δ 7.86 (dd, J = 9.6, 
4.9 Hz, 4H), 7.50 (br s, 4H), 7.37 (m, 12H), 7.27 (m, 1H), 6.83 (t, J = 6.1 Hz, 2H), 6.59 (m, 2H), 
2.34 (dd, J = 15.9 Hz, 7.9 Hz, 4H), 0.66 (s, 6H). 
 
The complex (dppdmp)Pd(C6H4-o-Me)(CN) was generated in 99% yield according to the 
procedure listed above with the following amounts of reagents: (dppdmp)Pd(C6H4-o-Me)(F) 
(0.0057 g, 0.0087 mmol); TMSCN (1.7 µL, 0.013 mmol), trimethoxybenzene (0.0024 g, 0.014 
mmol). 31P NMR (CD2Cl2) δ 14.07 (d, J = 46.0 Hz), 0.90 (d, J = 46.0 Hz). 
1H NMR (CD2Cl2) δ 
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7.90 (m, 4H), 7.50 (m, 4H), 7.24 (m, 12H), 6.75 (t, J = 7.6 Hz, 1H), 6.69 (t, J = 7.3 Hz, 1H), 6.41 
(t, J = 6.7 Hz, 1H), 6.08 (d, J = 5.1 Hz, 1H), 2.31 (s, 3H), 2.40 (dd, J = 24.8 Hz, 14.7 Hz, 4H), 
0.84 (s, 6H). 
General procedure for the determination of the rates and yields of reductive elimination 
from bisphosphine-ligated arylpalladium cyanide complexes in CD2Cl2 and DMF (3a-3e) 
 
Rates of reductive elimination in CD2Cl2:  
The bisphosphine arylpalladium fluoride precursor and trimethoxybenzene were weighed into a 
4 mL vial and dissolved in 0.4 mL of CD2Cl2.  The solution was then transferred to a screw-
topped NMR tube with a septum-lined cap.  In a separate 4 mL vial, 1.5 equiv of TMSCN were 
dissolved in 0.1 ml of CD2Cl2 and taken up in a 1 mL gastight syringe, which was sealed with a 
silicone stopper.  The two solutions were exported from the glovebox. The NMR tube was then 
cooled to -78 °C, and the TMSCN solution was then added.  An initial 1H NMR spectrum of the 
arylpalladium cyanide complex was recorded. 1H spectra were then recorded every minute for 4-
14 h runs in an NMR probe that had been preset at the specified temperature. The reductive 
elimination was monitored until less than 5% of the starting complex remained. The yield of the 
organic product was calculated based on the ratio of the integration of a set of arylnitrile peaks 
versus the internal standard relative to the ratio of the integration of the peaks in the starting 
spectrum of the arylpalladium cyanide complex versus the internal standard. 
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(dppdmp)Pd(C6H4-p-OMe)(CN): The rate of reductive was monitored at 20 °C according to 
the procedure described above with the following amounts of reagents: (dppdmp)Pd(C6H4-p-
OMe)(CN) (0.0076 g, 0.011 mmol), trimethoxybenzene (0.0016 g, 0.0095 mmol), TMSCN (3.1 
µL, 0.22  mmol). p-methoxybenzonitrile was generated in 94% yield. 
(dppdmp)Pd(C6H4-p-Cl)(CN): The rate of reductive elimination was monitored at 20 °C 
according to the procedure described above with the following amounts of reagents:  
(dppdmp)Pd(C6H4-p-Cl)(F) (0.0066 g, 0.010 mmol), trimethoxybenzene (0.0033 g, 0.020 mmol), 
TMSCN (2.0 µL, 0.015 mmol). p-Chlorobenzonitrile was generated in 67% yield at 87% 
conversion of the arylpalladium cyanide complex after 14 h.  
The rate of reductive elimination was also monitored at 40 °C with the following amounts of 
reagents: (dppdmp)Pd(C6H4-p-Cl)(F) (0.0054 g, 0.0080 mmol), trimethoxybenzene (0.0025 g, 
0.015 mmol), TMSCN (1.6 µL, 0.012 mmol). p-chlorobenzonitrile was generated in 98% yield. 
(dppdmp)Pd(C6H4-p-CF3)(CN): The rate of reductive was monitored at 40 °C according to the 
procedure described above with the following amounts of reagents: (dppdmp)Pd(C6H4-p-
CF3)(CN) (0.0077 g, 0.011 mmol), trimethoxybenzene (0.0025 g, 0.015 mmol), TMSCN (2.2 
µL, 0.017 mmol). p-Trifluoromethylbenzonitrile was generated in 94% yield. 
The rate of reductive was also monitored at 20 °C according to the procedure described above 
with the following amounts of reagents: (dppdmp)Pd(C6H4-p-CF3)(CN) (0.0075 g, 0.011 mmol), 
trimethoxybenzene (0.0013 g, 0.0077 mmol), TMSCN (2.2 µL, 0.017 mmol). p-
Trifluoromethylbenzonitrile was formed in  81% yield at 81% conversion of the cyanide 
complex after 56 h. 
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The rate of reductive elimination with added B(C6F5)3 (0.0066 g, 0.013 mmol) was determined at 
40 °C with the following amounts of reagents: (dppdmp)Pd(C6H4-p-CF3)(CN) (0.0057 g, 0.0080 
mmol), trimethoxybenzene (0.0024 g, 0.014 mmol), TMSCN (2.0 µL, 0.012 mmol). p-
Trifluoromethylbenzonitrile was generated in 81% yield. 
 (dppdmp)Pd(C6H5)(CN): The rate of reductive elimination was monitored at 20 °C according 
to the procedure described above with the following amounts of reagents: 
(dppdmp)Pd(C6H5)(CN) (0.0058 g, 0.0090 mmol), trimethoxybenzene (0.0015 g, 0.0089 mmol), 
TMSCN (1.8 µL, 0.014 mmol). Benzonitrile was generated in 80 % yield. 
(dppdmp)Pd(C6H4-o-Me)(CN): The rate of reductive elimination was monitored at 20 °C 
according to the procedure described above with the following amounts of reagents: 
(dppdmp)Pd(C6H4-o-Me)(CN) (0.0062 g, 0.0094 mmol), trimethoxybenzene (0.0021 g, 0.012 
mmol), TMSCN (1.9 µL, 0.014 mmol. o-Methylbenzonitrile was generated in 93%  yield. 
(dppdmp)Pd(C6H3-3,5-CF3)(CN): (dppdmp)Pd(C6H3-3,5-CF3)(CN) (0.0067 g, 0.0086 mmol) 
and trimethoxybenzene (0.0029 g, 0.017 mmol) were dissolved in 0.4 mL of CD2Cl2, and the 
solution was transferred to a septum-lined screw top NMR tube.  The solution was heated in an 
oil bath at 80 °C.  After 2 h, a 1H NMR spectrum was recorded, and less than 10% of the starting 
complex had reacted according to integration of the starting peaks of the complex versus the 
added standard.  After 16 hours, < 5% of the starting complex remained. The yield of 3,5-
trifluoromethylbenzonitrile was determined to be 45% based on integration of the product peaks 
versus the integration of the added standard according to 1H NMR spectroscopy. 
Rates of reductive elimination in DMF:  
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The bisphosphine arylpalladium fluoride precursor and dppdmp were weighed into a 4 mL vial 
and dissolved in 0.4 mL of DMF.  The solution was then transferred to a screw-topped NMR 
tube with a septum-lined cap.  In a separate 4 mL vial, 1.5 equiv of TMSCN were dissolved in 
0.1 ml of DMF and taken up in a 1 mL gastight syringe, which was sealed with a silicone 
stopper.  The two solutions were exported from the glovebox. The NMR tube was then cooled to 
-78 °C, and the TMSCN solution was added.  An initial 31P NMR spectrum of the arylpalladium 
cyanide complex was recorded. 31P NMR spectra were then recorded every minute for 2-6 h in 
an NMR probe that had been preset at the specified temperature. The reductive elimination was 
monitored until less than 5% of the starting complex remained. At the end of the reaction, 5 µL 
of dodecane was added. The yield of the organic product was calculated based on the ratio of the 
integration of the arylnitrile peak versus the internal dodecane standard as determined by GC/MS 
analysis. The arylnitrile products are all known compounds and were identified using GC/MS 
and GC by comparison of the mass spectra and retention times of the products with those of 
authentic compounds. 
(dppdmp)Pd(C6H4-p-OMe)(CN): The rate of reductive was monitored at 40 °C according to 
the procedure described above with the following amounts of reagents: (dppdmp)Pd(C6H4-p-
OMe)(CN) (0.0099 g, 0.015 mmol), dppdmp (0.0077 g, 0.0017 mmol), TMSCN (2.9 µL, 0.22  
mmol). p-methoxybenzonitrile was generated in 67% yield. 
(dppdmp)Pd(C6H4-p-Cl)(CN): The rate of reductive elimination was monitored at 40 °C with 
the following amounts of reagents: (dppdmp)Pd(C6H4-p-Cl)(F) (0.0080 g, 0.0011 mmol), 
dppdmp (0.0067 g, 0.015 mmol), TMSCN (2.4 µL, 0.018 mmol). p-chlorobenzonitrile was 
generated in 95% yield. 
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(dppdmp)Pd(C6H4-p-CF3)(CN): The rate of reductive was monitored at 40 °C according to the 
procedure described above with the following amounts of reagents: (dppdmp)Pd(C6H4-p-
CF3)(CN) (0.010 g, 0.014 mmol), dppdmp (0.0067 g, 0.015 mmol), TMSCN (2.9 µL, 0.021 
mmol). p-Trifluoromethylbenzonitrile was generated in 92% yield. 
The rate of reductive elimination with added B(C6F5)3 (0.014 g, 0.028 mmol) was determined at 
40 °C with the following amounts of reagents: (dppdmp)Pd(C6H4-p-CF3)(CN) (0.010 g, 0.014 
mmol), dppdmp (0.0070 g, 0.016 mmol), TMSCN (3.7 µL, 0.021 mmol). p-
Trifluoromethylbenzonitrile was generated in 76% yield. 
(dppdmp)Pd(C6H5)(CN): The rate of reductive elimination was monitored at 40 °C according 
to the procedure described above with the following amounts of reagents: 
(dppdmp)Pd(C6H5)(CN) (0.0070 g, 0.011 mmol), dppdmp (0.0048 g, 0.011 mmol), TMSCN (2.2 
µL, 0.017 mmol). Benzonitrile was generated in 80% yield. 
(dppdmp)Pd(C6H4-o-Me)(CN) 
The rate of reductive elimination was monitored at 40 °C according to the procedure described 
above with the following amounts of reagents: (dppdmp)Pd(C6H4-o-Me)(CN) (0.011 g, 0.016 
mmol), dppdmp (0.0087 g, 0.020 mmol), TMSCN (3.3 µL, 0.024 mmol. o-Methylbenzonitrile 
was generated in 95%  yield. 
Independent synthesis of (dppdmp)PdCl2 
In a 20 mL vial, (CH3CN)2PdCl2 (0.098 g, 0.38 mol) and dppdmp (0.17 g, 0.38 mmol) were 
stirred in 5 mL of THF.  The yellow suspension gradually turned white after stirring at room 
temperature overnight.  After 16 h, 5 mL of pentane was added, and the white solid was collected 
on a fritted funnel to yield 0.20 g (86%) of the previously reported compound (dppdmp)PdCl2.
14 
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31P NMR (DMSO-d6) δ 14.95 (s). 
1H NMR (DMSO-d6) δ 7.95 (m, 4 H), 7.51 (m, 8H), 7.37 (m, 
8H), 2.64 (m, 4H), 0.48 (s, 6H). 
Trapping of the Pd(0) product from reductive elimination of 3a in DMF 
In a 4 ml vial, (dppdmp)Pd(C6H4-p-CF3)(F) (0.034 g, 0.047 mmol) and dppdmp (0.021 g, 0.049 
mmol) were dissolved in 1 mL of DMF.  TMSCN (9.5 µL, 0.071 mmol) was added to the 
solution, and the reaction mixture was heated at 80 °C for 30 min.  After 30 min, fine yellow 
needles precipitated from solution.  The reaction was cooled to RT, and the yellow solid was 
filtered, washed with DMF, and dried to yield 0.033 g (72%) of the previously reported 
compound Pd(dppdmp)2.
14 31P NMR (CD2Cl2) δ 1.31 (s). 
1H NMR (CD2Cl2) δ 7.32 (m, 8H), 7.14 
(m, 16H), 7.08 (m, 16H), 2.14 (m, 8H), 0.24 (s, 12H). 
Structure Coordinates 
cis-(PMe3)2Pd(C6H4-p-CF3)(CN)  
Pd    1.357280000   -0.067172000    4.200839000 
P     0.854684000    1.383801000    2.488225000 
P     1.090952000   -1.868760000    2.795463000 
C     1.618172000    1.631553000    5.281125000 
C     0.686301000    3.141329000    2.911818000 
C    -0.670341000    1.036007000    1.549278000 
C     2.122746000    1.384872000    1.202620000 
C    -0.295045000   -1.909289000    1.620504000 
C     1.003136000   -3.511350000    3.526542000 
C     2.528548000   -1.949511000    1.694937000 
C     1.776465000   -1.428246000    5.644978000 
C     3.077817000   -1.904292000    5.909337000 
C     3.367795000   -2.717463000    6.990755000 
C     2.338680000   -3.087302000    7.858834000 
C     1.057448000   -2.642369000    7.603399000 
C     0.797033000   -1.817473000    6.516084000 
H     0.022025000    3.244838000    3.597663000 
H     0.417766000    3.635180000    2.131787000 
H     1.527818000    3.475011000    3.227100000 
H    -1.420883000    1.013952000    2.149426000 
H    -0.590618000    0.185716000    1.109059000 
H    -0.810793000    1.722528000    0.891204000 
H     2.284106000    0.484519000    0.911286000 
H     2.938247000    1.754890000    1.556066000 
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H     1.828195000    1.915059000    0.460753000 
H    -0.351626000   -1.067441000    1.161204000 
H    -1.116063000   -2.064843000    2.098447000 
H    -0.157408000   -2.613133000    0.985828000 
H     1.701892000   -3.609365000    4.179190000 
H     1.109050000   -4.174246000    2.842422000 
H     0.150436000   -3.625981000    3.955139000 
H     3.336162000   -1.933773000    2.215873000 
H     2.516073000   -1.194587000    1.102888000 
H     2.493750000   -2.759974000    1.183856000 
H     3.790926000   -1.648183000    5.317188000 
H     4.265697000   -3.024590000    7.139734000 
C     2.738729353   -3.879866064    9.117099177 
H     0.341434000   -2.908663000    8.183690000 
H    -0.104328000   -1.512331000    6.375833000 
N     1.811508000    2.893966000    6.084166000 
F     4.186008611   -3.664374441    9.398331693 
F     2.485496341   -5.331265676    8.893802953 
F     1.931816185   -3.408605257   10.277639519 
 
cis-(PMe3)2Pd(C6H4-p-CF3)(CN) Transition State  
Pd   1.473923336   -0.305130137   -0.000059293 
P    3.764364945   -1.140949729    0.000057953 
P    0.998481847 2.023005447   -0.000067513 
C    1.024844000   -2.264283000   -0.000211000 
C    4.068304105   -2.251524388    1.450516574 
C    5.299884159   -0.090723138    0.000225811 
C    4.068538454   -2.251531391   -1.450361430 
C    2.378960949 3.265432628   -0.000412657 
C   -0.003279168 2.591878557    1.449346627 
C   -0.003929600 2.591864139   -1.449035365 
C   -0.492806206   -0.929896327   -0.000112028 
C   -1.172982315   -1.178985120   -1.199435379 
C   -2.494000063   -1.622486657   -1.205092943 
C   -3.161673516   -1.838405762   -0.000004788 
C   -2.493909843   -1.622490820    1.205025059 
C   -1.172881767   -1.179001754    1.199261622 
H    4.006539084   -1.673366940    2.374595168 
H    5.053101067   -2.720963417    1.383749537 
H    3.291798667   -3.016271237    1.465875414 
H    5.323015743 0.544926088    0.886459728 
H    5.323313662 0.544852166   -0.886040277 
H    6.189534546   -0.725703092    0.000403538 
H    4.006185789   -1.673533488   -2.374498829 
H    3.292449740   -3.016722628   -1.465413600 
H    5.053618998   -2.720411070   -1.383777465 
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H    3.001037322 3.130970609   -0.886116176 
H    3.001488722 3.130968876    0.884977819 
H    1.978236484 4.282262449   -0.000300321 
H   -0.931786887 2.022995373    1.491938688 
H   -0.229441367 3.657951303    1.368555306 
H    0.554199662 2.411791725    2.370498354 
H   -0.932299839 2.022742328   -1.491430303 
H    0.553289489 2.412090453   -2.370409638 
H   -0.230332652 3.657860744   -1.367976682 
H   -0.667426664   -1.044313878   -2.149545916 
H   -2.999485043   -1.817096993   -2.143676952 
C   -4.603766371   -2.246840542   -0.000011004 
H   -2.999334592   -1.817090372    2.143639051 
H   -0.667242673   -1.044366044    2.149331087 
N    1.039205000   -3.426373000   -0.000327000 
F   -4.933300010   -2.979182548   -1.087760054 
F   -5.434919630   -1.169810521   -0.001007715 
F   -4.933785658   -2.977567521    1.088665953 
 
cis-(PMe3)2Pd(C6H4-p-NH2)(CN)  
Pd   1.357280000   -0.067172000    4.200839000 
P    0.854684000 1.383801000    2.488225000 
P    1.090952000   -1.868760000    2.795463000 
C    1.618172000 1.631553000    5.281125000 
C    0.686301000 3.141329000    2.911818000 
C   -0.670341000 1.036007000    1.549278000 
C    2.122746000 1.384872000    1.202620000 
C   -0.295045000   -1.909289000    1.620504000 
C    1.003136000   -3.511350000    3.526542000 
C    2.528548000   -1.949511000    1.694937000 
C    1.776465000   -1.428246000    5.644978000 
C    3.077817000   -1.904292000    5.909337000 
C    3.367795000   -2.717463000    6.990755000 
C    2.338680000   -3.087302000    7.858834000 
C    1.057448000   -2.642369000    7.603399000 
C    0.797033000   -1.817473000    6.516084000 
H    0.022025000 3.244838000    3.597663000 
H    0.417766000 3.635180000    2.131787000 
H    1.527818000 3.475011000    3.227100000 
H   -1.420883000 1.013952000    2.149426000 
H   -0.590618000 0.185716000    1.109059000 
H   -0.810793000 1.722528000    0.891204000 
H    2.284106000 0.484519000    0.911286000 
H    2.938247000 1.754890000    1.556066000 
H    1.828195000 1.915059000    0.460753000 
H   -0.351626000   -1.067441000    1.161204000 
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H   -1.116063000   -2.064843000    2.098447000 
H   -0.157408000   -2.613133000    0.985828000 
H    1.701892000   -3.609365000    4.179190000 
H    1.109050000   -4.174246000    2.842422000 
H    0.150436000   -3.625981000    3.955139000 
H    3.336162000   -1.933773000    2.215873000 
H    2.516073000   -1.194587000    1.102888000 
H    2.493750000   -2.759974000    1.183856000 
H    3.790926000   -1.648183000    5.317188000 
H    4.265697000   -3.024590000    7.139734000 
N    2.567361306   -3.916442518    9.099924526 
H    0.341434000   -2.908663000    8.183690000 
H   -0.104328000   -1.512331000    6.375833000 
N    1.811508000 2.893966000    6.084166000 
H    2.869690512   -4.980564237    9.008563554 
H    2.433048299   -3.461847395   10.103620659 
 
cis-(PMe3)2Pd(C6H4-p-NH2)(CN) Transition State  
Pd  1.234660000   -0.180653000   -0.001313000 
P   3.581164000   -0.720143000   -0.011346000 
P   0.852467000    2.223489000   -0.002723000 
C   0.582356000   -2.069165000    0.030373000 
C   4.043266000   -1.814117000    1.414237000 
C   4.952101000    0.538478000    0.000031000 
C   4.039035000   -1.780236000   -1.464190000 
C   2.250421000    3.437564000   -0.199166000 
C   0.039542000    2.852086000    1.546144000 
C      -0.327190000    2.815842000   -1.310717000 
C      -0.789927000   -0.926710000    0.011887000 
C      -1.507121000   -0.867979000   -1.198964000 
C      -2.880193000   -0.666104000   -1.203547000 
C      -3.575407000   -0.533463000    0.001355000 
C      -2.883342000   -0.621292000    1.211745000 
C      -1.510097000   -0.824927000    1.217958000 
H   3.929841000   -1.265335000    2.351202000 
H   5.072469000   -2.173335000    1.328818000 
H   3.357661000   -2.663057000    1.426941000 
H   4.870821000    1.158868000    0.894794000 
H   4.860646000    1.186229000   -0.873995000 
H   5.935156000    0.059783000   -0.012353000 
H   3.920808000   -1.210613000   -2.388022000 
H   3.356426000   -2.631070000   -1.493675000 
H   5.069418000   -2.138903000   -1.391140000 
H   2.757408000    3.258595000   -1.149361000 
H   2.973814000    3.294215000    0.605658000 
H   1.891515000    4.470197000   -0.176187000 
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H      -0.883572000    2.295028000    1.714732000 
H      -0.190838000    3.918450000    1.474202000 
H   0.700035000    2.684017000    2.399156000 
H      -1.254844000    2.245543000   -1.241414000 
H   0.106381000    2.639356000   -2.297226000 
H      -0.546835000    3.881263000   -1.200583000 
H      -0.982170000   -0.996781000   -2.137731000 
H      -3.417915000   -0.622197000   -2.143167000 
N      -5.078246147   -0.386516380   -0.001621069 
H      -3.423538000   -0.542220000    2.147451000 
H      -0.987850000   -0.922072000    2.162068000 
N   0.702779000   -3.235851000    0.052823000 
H      -5.633574759   -0.381881813   -0.962745422 
H      -5.627722508   -0.283127214    0.957328618 
 
cis-(PMe3)2Pd(C6H5)(CN)  
Pd 1.357280446   -0.067172445    4.200839093 
P  0.854684465    1.383801248    2.488225080 
P  1.090952362   -1.868760350    2.795462781 
C  1.618171856    1.631553090    5.281124970 
C  0.686301259    3.141328591    2.911818382 
C      -0.670340732    1.036006990    1.549278217 
C  2.122745702    1.384872150    1.202619941 
C      -0.295045106   -1.909289448    1.620503798 
C  1.003136317   -3.511349528    3.526541568 
C  2.528547879   -1.949511055    1.694936996 
C  1.776465092   -1.428245592    5.644978352 
C  3.077817274   -1.904291569    5.909337108 
C  3.367794621   -2.717463297    6.990755366 
C  2.338679741   -3.087302301    7.858834227 
C  1.057447852   -2.642369135    7.603399113 
C  0.797032727   -1.817472589    6.516083671 
H  0.022025482    3.244838442    3.597662751 
H  0.417765923    3.635179543    2.131786747 
H  1.527818272    3.475010501    3.227099773 
H      -1.420882937    1.013951700    2.149426069 
H      -0.590618072    0.185715760    1.109058949 
H      -0.810793078    1.722528432    0.891203850 
H  2.284106387    0.484519277    0.911286384 
H  2.938247039    1.754890005    1.556065855 
H  1.828194809    1.915058888    0.460752810 
H      -0.351625970   -1.067440718    1.161203779 
H      -1.116063243   -2.064843382    2.098447261 
H      -0.157408122   -2.613133059    0.985827582 
H  1.701892124   -3.609364855    4.179189754 
H  1.109049586   -4.174246112    2.842422460 
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H  0.150435905   -3.625980609    3.955138617 
H  3.336161683   -1.933773101    2.215873064 
H  2.516073469   -1.194587215    1.102887827 
H  2.493750007   -2.759974004    1.183856013 
H  3.790925984   -1.648182796    5.317188484 
H  4.265697322   -3.024590162    7.139733824 
H  2.519506555   -3.642383997    8.621476401 
H  0.341434364   -2.908663318    8.183689976 
H      -0.104327592   -1.512330796    6.375833415 
N  1.811508411    2.893965985    6.084166147 
 
cis-(PMe3)2Pd(C6H5)(CN) Transition State 
Pd   1.473923336   -0.305130137   -0.000059293 
P    3.764364945   -1.140949729    0.000057953 
P    0.998481847 2.023005447   -0.000067513 
C    1.024844000   -2.264283000   -0.000211000 
C    4.068304105   -2.251524388    1.450516574 
C    5.299884159   -0.090723138    0.000225811 
C    4.068538454   -2.251531391   -1.450361430 
C    2.378960949 3.265432628   -0.000412657 
C   -0.003279168 2.591878557    1.449346627 
C   -0.003929600 2.591864139   -1.449035365 
C   -0.492806206   -0.929896327   -0.000112028 
C   -1.172982315   -1.178985120   -1.199435379 
C   -2.494000063   -1.622486657   -1.205092943 
C   -3.212427778   -1.912035990   -0.002071224 
C   -2.493909843   -1.622490820    1.205025059 
C   -1.172881767   -1.179001754    1.199261622 
H    4.006539084   -1.673366940    2.374595168 
H    5.053101067   -2.720963417    1.383749537 
H    3.291798667   -3.016271237    1.465875414 
H    5.323015743 0.544926088    0.886459728 
H    5.323313662 0.544852166   -0.886040277 
H    6.189534546   -0.725703092    0.000403538 
H    4.006185789   -1.673533488   -2.374498829 
H    3.292449740   -3.016722628   -1.465413600 
H    5.053618998   -2.720411070   -1.383777465 
H    3.001037322 3.130970609   -0.886116176 
H    3.001488722 3.130968876    0.884977819 
H    1.978236484 4.282262449   -0.000300321 
H   -0.931786887 2.022995373    1.491938688 
H   -0.229441367 3.657951303    1.368555306 
H    0.554199662 2.411791725    2.370498354 
H   -0.932299839 2.022742328   -1.491430303 
H    0.553289489 2.412090453   -2.370409638 
H   -0.230332652 3.657860744   -1.367976682 
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H   -0.667426664   -1.044313878   -2.149545916 
H   -2.999485043   -1.817096993   -2.143676952 
H   -2.999334592   -1.817090372    2.143639051 
H   -0.667242673   -1.044366044    2.149331087 
N    1.039205000   -3.426373000   -0.000327000 
H   -4.246364953   -2.189157290   -0.004224691 
 
cis-(PMe3)2Pd(C6H5)(CO)
+
 
Pd 1.357280446   -0.067172445    4.200839093 
P  0.854684465    1.383801248    2.488225080 
P  1.090952362   -1.868760350    2.795462781 
C  1.618171856    1.631553090    5.281124970 
C  0.686301259    3.141328591    2.911818382 
C      -0.670340732    1.036006990    1.549278217 
C  2.122745702    1.384872150    1.202619941 
C      -0.295045106   -1.909289448    1.620503798 
C  1.003136317   -3.511349528    3.526541568 
C  2.528547879   -1.949511055    1.694936996 
C  1.776465092   -1.428245592    5.644978352 
C  3.077817274   -1.904291569    5.909337108 
C  3.367794621   -2.717463297    6.990755366 
C  2.338679741   -3.087302301    7.858834227 
C  1.057447852   -2.642369135    7.603399113 
C  0.797032727   -1.817472589    6.516083671 
H  0.022025482    3.244838442    3.597662751 
H  0.417765923    3.635179543    2.131786747 
H  1.527818272    3.475010501    3.227099773 
H      -1.420882937    1.013951700    2.149426069 
H      -0.590618072    0.185715760    1.109058949 
H      -0.810793078    1.722528432    0.891203850 
H  2.284106387    0.484519277    0.911286384 
H  2.938247039    1.754890005    1.556065855 
H  1.828194809    1.915058888    0.460752810 
H      -0.351625970   -1.067440718    1.161203779 
H      -1.116063243   -2.064843382    2.098447261 
H      -0.157408122   -2.613133059    0.985827582 
H  1.701892124   -3.609364855    4.179189754 
H  1.109049586   -4.174246112    2.842422460 
H  0.150435905   -3.625980609    3.955138617 
H  3.336161683   -1.933773101    2.215873064 
H  2.516073469   -1.194587215    1.102887827 
H  2.493750007   -2.759974004    1.183856013 
H  3.790925984   -1.648182796    5.317188484 
H  4.265697322   -3.024590162    7.139733824 
H  2.519506555   -3.642383997    8.621476401 
H  0.341434364   -2.908663318    8.183689976 
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H      -0.104327592   -1.512330796    6.375833415 
O  1.811508411    2.893965985    6.084166147 
 
cis-(PMe3)2Pd(C6H5)(CO)
+ 
Transition State 
Pd   1.375364887 0.040903430    3.728705465 
P    0.752501552 1.985598590    2.389783059 
P    0.951988338   -2.186632157    3.026388357 
C    2.149842000 1.277752000    5.113420000 
C   -0.282164643 3.167757162    3.371664497 
C   -0.178613838 1.929711614    0.778067748 
C    2.231273027 3.004836707    1.937574703 
C    0.264098632   -2.525238379    1.333732327 
C   -0.241857896   -3.106521234    4.102186204 
C    2.444417196   -3.282529227    3.030260642 
C    2.222686736   -0.660715949    5.477282045 
C    3.601366233   -0.882785855    5.580187111 
C    4.180775189   -1.466337402    6.816772024 
C    3.325040490   -1.951085667    7.986784219 
C    1.844418588   -1.661739668    7.863918150 
C    1.436398203   -0.878792864    6.615185609 
H   -1.236282226 2.698852137    3.620509610 
H   -0.467021002 4.086351877    2.808829209 
H    0.244049928 3.396442769    4.298388550 
H   -1.150247124 1.454427403    0.923618564 
H    0.380802793 1.357923537    0.036529858 
H   -0.337846162 2.941346253    0.395581316 
H    2.877084485 2.437062756    1.264878224 
H    2.786282370 3.224548105    2.849808265 
H    1.932240576 3.936503470    1.450427995 
H    0.935886835   -2.121488017    0.574754740 
H   -0.709910327   -2.047684369    1.224242135 
H    0.152793355   -3.600408838    1.172083930 
H    0.123010265   -3.092026420    5.129087597 
H   -0.353028130   -4.140270342    3.765498469 
H   -1.214513578   -2.611626455    4.073474756 
H    2.884382029   -3.287585133    4.027039311 
H    3.184088668   -2.888347962    2.330632148 
H    2.177427011   -4.300806311    2.736429572 
H    4.248184696   -0.687107328    4.731159958 
H    5.243788175   -1.498122181    6.825650798 
H    1.090602701   -1.985870801    8.655138077 
H    0.370027980   -0.678247037    6.586359361 
O    2.532636000 2.188766000    5.747815000 
H    3.772503474   -2.468919191    8.898594679 
 
Pd(PMe3)2 
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Pd       1.357280446   -0.067172445    4.200839093 
P        0.854684465    1.383801248    2.488225080 
P        1.864450059   -1.487999154    5.937434226 
C        0.686301259    3.141328591    2.911818382 
C       -0.670340732    1.036006990    1.549278217 
C        2.122745702    1.384872150    1.202619941 
C        0.906766409   -3.014498792    6.173656756 
C        1.899698755   -0.812591294    7.605627503 
C        3.541965442   -2.124053008    5.681043533 
H        0.022025482    3.244838442    3.597662751 
H        0.417765923    3.635179543    2.131786747 
H        1.527818272    3.475010501    3.227099773 
H       -1.420882937    1.013951700    2.149426069 
H       -0.590618072    0.185715760    1.109058949 
H       -0.810793078    1.722528432    0.891203850 
H        2.284106387    0.484519277    0.911286384 
H        2.938247039    1.754890005    1.556065855 
H        1.828194809    1.915058888    0.460752810 
H        0.817489181   -3.471100246    5.333173637 
H        0.031545551   -2.795187950    6.509199548 
H        1.355958524   -3.581410289    6.801344150 
H        2.388846310    0.014784570    7.606056837 
H        2.325085339   -1.436054010    8.196397297 
H        1.000688578   -0.649727301    7.904273998 
H        4.148140475   -1.391228886    5.541821545 
H        3.549057570   -2.694831663    4.909843648 
H        3.815393001   -2.622630944    6.453003548 
 
p-Aminobenzonitrile 
C      -2.220801179    0.224327421    1.161468233 
C  0.073181368    1.503090394    1.627998272 
H      -0.497018599    2.420290363    1.622698704 
C  1.426381327    1.522190464    1.986498753 
H  1.900081373    2.454090488    2.257598797 
C  2.165581442    0.333290351    1.993398587 
N  3.624775235    0.353665030    2.380140338 
C  1.551481462   -0.874809640    1.641899029 
H  2.121681429   -1.792009580    1.647198597 
C  0.198281504   -0.893909621    1.283498684 
H      -0.275418543   -1.825809586    1.012298504 
C      -0.693659871    0.275831599    1.355113699 
H  4.347209857   -0.306053196    1.855501314 
H  3.975122325    1.028135181    3.188861142 
N      -3.717954467    0.174662798    0.970269663 
 
Benzonitrile 
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H      -2.188421077   -0.064682395    0.999998967 
C      -0.530520982    1.158117622    1.627998272 
H      -1.100720949    2.075317591    1.622698704 
C  0.822678976    1.177217692    1.986498753 
H  1.296379023    2.109117716    2.257598797 
C  1.561879092   -0.011682421    1.993398587 
C  0.947779112   -1.219782413    1.641899029 
H  1.517979079   -2.136982352    1.647198597 
C      -0.405420847   -1.238882393    1.283498684 
H      -0.879120893   -2.170782358    1.012298504 
C      -1.144520826   -0.049882383    1.276498715 
C  3.050405890    0.009278721    2.387668143 
N  4.171615835    0.025000046    2.684635024 
 
p-Trifluoromethylbenzonitrile 
C      -2.220801179    0.224327421    1.161468233 
C  0.073181368    1.503090394    1.627998272 
H      -0.497018599    2.420290363    1.622698704 
C  1.426381327    1.522190464    1.986498753 
H  1.900081373    2.454090488    2.257598797 
C  2.165581442    0.333290351    1.993398587 
C  3.654147486    0.353857123    2.387739417 
C  1.551481462   -0.874809640    1.641899029 
H  2.121681429   -1.792009580    1.647198597 
C  0.198281504   -0.893909621    1.283498684 
H      -0.275418543   -1.825809586    1.012298504 
C      -0.693659871    0.275831599    1.355113699 
N      -3.717954467    0.174662798    0.970269663 
F  4.474542076    0.749479609    1.208735310 
F  4.064900696   -1.002751638    2.846510922 
F  3.862046633    1.335205129    3.489688227 
 
Aniline 
H      -2.190481939    1.180932625    0.885351103 
C      -0.412232014    2.525139310    1.562204719 
H      -1.015914947    3.492425098    1.563974154 
C 1.081087851    2.549210596    1.936031868 
H 1.584974524    3.534707528    2.209309871 
C 1.896765769    1.243395763    1.928214621 
N 3.365526459    1.270753974    2.276033665 
C 1.218331059   -0.087341296    1.552075228 
H 1.823544842   -1.053305148    1.544152825 
C      -0.275466203   -0.110964770    1.177690417 
H      -0.778070409   -1.094765141    0.896482680 
C      -1.088053630    1.196457749    1.175177079 
H 3.854990464    2.231147999    2.542207496 
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H 3.957006838    0.331486204    2.262064669 
 
Benzene 
H     -1.698183868    1.190180155    0.999998967 
C     -0.040283773    2.412980171    1.627998272 
H     -0.610483739    3.330180140    1.622698704 
C      1.312916186    2.432080241    1.986498753 
H      1.786616233    3.363980265    2.257598797 
C      2.052116301    1.243180128    1.993398587 
H      3.096016314    1.257880123    2.269898812 
C      1.438016322    0.035080137    1.641899029 
H      2.008216288   -0.882119803    1.647198597 
C      0.084816363    0.015980156    1.283498684 
H     -0.388883683   -0.915919809    1.012298504 
C     -0.654283616    1.204980167    1.276498715 
 
Trifluoromethylbenzene 
H     -2.191394172    1.180532558    0.884143329 
C     -0.412869534    2.525841594    1.558586163 
H     -1.016513272    3.493269007    1.563207731 
C      1.078508291    2.548395927    1.942382669 
H      1.577384046    3.530055598    2.238004257 
C      1.898414602    1.245069334    1.923198102 
C      3.379654815    1.262455642    2.340792990 
C      1.217679297   -0.087112689    1.557744446 
H      1.819258649   -1.055842312    1.568617104 
C     -0.273957421   -0.109923839    1.174830941 
H     -0.775181249   -1.095182919    0.895478075 
C     -1.088346929    1.197327020    1.170901312 
F      4.217578261    1.654055119    1.172500570 
F      3.778110517   -0.096047407    2.805501011 
F      3.572973422    2.244732231    3.443551851 
 
B3LYP Computed Energies 
Molecule ∆G (Hartree) 
cis-(PMe3)2Pd(C6H4-p-CF3)(CN) -1040.862563 
cis-(PMe3)2Pd(C6H4-p-CF3)(CN) TS -1040.835152 
cis-(PMe3)2Pd(C6H4-p-NH2)(CN) -759.075200 
cis-(PMe3)2Pd(C6H4-p-NH2)(CN) TS -759.049470 
cis-(PMe3)2Pd(C6H5)(CN) -703.718681 
cis-(PMe3)2Pd(C6H5)(CN) TS -703.692044 
cis-(PMe3)2Pd(C6H5)(CO)
+ -724.011368 
cis-(PMe3)2Pd(C6H5)(CO)
+  TS -723.997913 
Pd(PMe3)2 -379.244888 
p-Aminobenzonitrile -379.866497 
Benzonitrile -324.504547 
182 
 
p-Trifluoromethylbenzonitrile -661.643085 
Aniline -287.594068 
Benzene -232.235840 
Trifluoromethylbenzene -569.377363 
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Appendix A: Crystal Data for [(CyPF-t-Bu)2Pd2(µ-CO)] 
 
Table 1.  Crystal data and structure refinement for ba19has. 
Identification code  ba19has 
Empirical formula  C77 H132 Fe2 O4 P4 Pd2 
Formula weight  1570.21 
Temperature  193(2) K 
Wavelength  0.71073 Å 
Crystal system  Tetragonal 
Space group  P4(1)2(1)2  
Unit cell dimensions a = 12.5430(3) Å a= 90°. 
 b = 12.5430(3) Å b= 90°. 
 c = 48.773(2) Å g = 90°. 
Volume 7673.3(4) Å3 
Z 4 
Density (calculated) 1.359 Mg/m3 
Absorption coefficient 0.961 mm-1 
F(000) 3320 
Crystal size 0.393 x 0.302 x 0.185 mm3 
Theta range for data collection 1.68 to 26.77°. 
Index ranges -15<=h<=15, -15<=k<=15, -61<=l<=61 
Reflections collected 116439 
Independent reflections 8181 [R(int) = 0.0699] 
Completeness to theta = 26.77° 100.0 %  
Absorption correction Integration 
Max. and min. transmission 0.8751 and 0.7717 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 8181 / 318 / 530 
Goodness-of-fit on F2 1.130 
Final R indices [I>2sigma(I)] R1 = 0.0252, wR2 = 0.0561 
R indices (all data) R1 = 0.0276, wR2 = 0.0570 
Absolute structure parameter 0.035(14) 
Largest diff. peak and hole 0.276 and -0.303 e.Å-3 
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Table 2. Atomic coordinates  ( x 104) and equivalent  isotropic displacement parameters (Å2x 
103) U(eq) is defined as one third of  the trace of the orthogonalized Uij tensor. 
______________________________________________________________________________
__  
 x y z U(eq) 
______________________________________________________________________________
__   
Pd(1) 8008(1) 8803(1) -240(1) 17(1) 
Fe(1) 8865(1) 10697(1) -1209(1) 22(1) 
P(1) 6518(1) 9292(1) -508(1) 20(1) 
P(2) 9382(1) 9400(1) -525(1) 17(1) 
O(1) 7123(5) 6761(5) -51(2) 61(3) 
C(1) 7587(2) 7587(2) 0 43(1) 
C(2) 5443(2) 10021(2) -306(1) 28(1) 
C(3) 5909(2) 8137(2) -704(1) 27(1) 
C(4) 5880(2) 11122(2) -235(1) 34(1) 
C(5) 5312(2) 9416(3) -32(1) 36(1) 
C(6) 4333(2) 10141(3) -440(1) 38(1) 
C(7) 5250(2) 7452(2) -508(1) 37(1) 
C(8) 5226(2) 8438(2) -954(1) 35(1) 
C(9) 6852(2) 7441(2) -802(1) 34(1) 
C(10) 6967(2) 10330(2) -768(1) 22(1) 
C(11) 6139(2) 10959(2) -934(1) 29(1) 
C(12) 7820(2) 9878(2) -952(1) 18(1) 
C(13) 7670(2) 9609(2) -1234(1) 24(1) 
C(14) 8634(2) 9181(2) -1339(1) 26(1) 
C(15) 9396(2) 9194(2) -1124(1) 22(1) 
C(16) 8906(2) 9613(2) -879(1) 19(1) 
C(17) 8264(6) 11951(6) -1430(2) 36(1) 
C(18) 8642(7) 12321(6) -1174(2) 35(1) 
C(19) 9757(6) 12068(7) -1161(2) 35(1) 
C(20) 10043(7) 11519(6) -1406(2) 38(2) 
C(21) 9101(8) 11463(5) -1574(1) 36(1) 
C(17B) 8490(20) 11750(17) -1504(5) 37(3) 
C(18B) 8527(19) 12273(18) -1259(5) 35(2) 
C(19B) 9480(20) 12210(20) -1136(6) 35(3) 
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Table 2, continued 
 
C(20B) 10160(20) 11660(20) -1324(5) 36(3) 
C(21B) 9550(20) 11394(15) -1546(4) 38(3) 
C(22) 10142(2) 10590(2) -414(1) 21(1) 
C(23) 9385(2) 11548(2) -386(1) 25(1) 
C(24) 9957(2) 12501(2) -258(1) 34(1) 
C(25) 10950(2) 12812(2) -417(1) 38(1) 
C(26) 11699(2) 11859(2) -450(1) 32(1) 
C(27) 11142(2) 10887(2) -578(1) 24(1) 
C(28) 10445(2) 8405(2) -591(1) 19(1) 
C(29) 11142(2) 8208(2) -337(1) 25(1) 
C(30) 12037(2) 7421(2) -403(1) 34(1) 
C(31) 11612(2) 6369(2) -517(1) 35(1) 
C(32) 10868(2) 6561(2) -760(1) 30(1) 
C(33) 9975(2) 7343(2) -686(1) 25(1) 
C(34) 7639(3) 5128(4) -1350(1) 61(1) 
C(35) 8213(2) 5113(3) -1081(1) 42(1) 
O(4) 7566(2) 4554(2) -893(1) 42(1) 
C(37) 7995(3) 4527(3) -627(1) 55(1) 
C(38) 7273(4) 3865(5) -450(1) 85(2) 
O(3) 4742(15) 4343(12) 284(3) 100(3) 
C(43) 4990(20) 5010(20) 52(5) 91(3) 
C(44) 3930(30) 4961(14) -107(6) 85(3) 
C(45) 3680(30) 3802(15) -87(5) 86(3) 
C(46) 4180(30) 3451(16) 178(5) 90(3) 
O(2) 4718(13) 4770(10) 119(3) 100(3) 
C(39) 4430(30) 3679(12) 147(5) 94(3) 
C(40) 3819(17) 3377(9) -103(4) 84(3) 
C(41) 3483(19) 4362(11) -238(4) 78(3) 
C(42) 4070(20) 5237(9) -93(5) 84(3) 
______________________________________________________________________________
__ 
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Table 3.   Bond lengths [Å] and angles [°]. 
_____________________________________________________  
Pd(1)-C(1)  1.994(3) 
Pd(1)-P(2)  2.3386(6) 
Pd(1)-P(1)  2.3620(6) 
Pd(1)-Pd(1)#1  2.7333(4) 
Fe(1)-C(17B)  2.007(19) 
Fe(1)-C(14)  2.025(3) 
Fe(1)-C(13)  2.031(3) 
Fe(1)-C(18B)  2.04(2) 
Fe(1)-C(21)  2.041(5) 
Fe(1)-C(20)  2.042(8) 
Fe(1)-C(15)  2.043(3) 
Fe(1)-C(21B)  2.050(18) 
Fe(1)-C(17)  2.049(6) 
Fe(1)-C(18)  2.063(7) 
Fe(1)-C(19)  2.065(8) 
Fe(1)-C(19B)  2.09(3) 
P(1)-C(3)  1.897(3) 
P(1)-C(2)  1.904(3) 
P(1)-C(10)  1.904(3) 
P(2)-C(16)  1.846(2) 
P(2)-C(22)  1.853(2) 
P(2)-C(28)  1.854(2) 
O(1)-O(1)#1  0.815(14) 
O(1)-C(1)  1.215(6) 
C(1)-O(1)#1  1.215(6) 
C(1)-Pd(1)#1  1.994(3) 
C(2)-C(4)  1.526(4) 
C(2)-C(5)  1.544(4) 
C(2)-C(6)  1.545(4) 
C(3)-C(7)  1.530(4) 
C(3)-C(8)  1.537(4) 
C(3)-C(9)  1.544(4) 
C(4)-H(4A)  0.9800 
C(4)-H(4B)  0.9800 
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Table 3, continued 
 
C(4)-H(4C)  0.9800 
C(5)-H(5A)  0.9800 
C(5)-H(5B)  0.9800 
C(5)-H(5C)  0.9800 
C(6)-H(6A)  0.9800 
C(6)-H(6B)  0.9800 
C(6)-H(6C)  0.9800 
C(7)-H(7A)  0.9800 
C(7)-H(7B)  0.9800 
C(7)-H(7C)  0.9800 
C(8)-H(8A)  0.9800 
C(8)-H(8B)  0.9800 
C(8)-H(8C)  0.9800 
C(9)-H(9A)  0.9800 
C(9)-H(9B)  0.9800 
C(9)-H(9C)  0.9800 
C(10)-C(12)  1.506(3) 
C(10)-C(11)  1.535(3) 
C(10)-H(10)  1.0000 
C(11)-H(11A)  0.9800 
C(11)-H(11B)  0.9800 
C(11)-H(11C)  0.9800 
C(12)-C(13)  1.428(3) 
C(12)-C(16)  1.447(3) 
C(13)-C(14)  1.418(4) 
C(13)-H(13)  1.0000 
C(14)-C(15)  1.419(4) 
C(14)-H(14)  1.0000 
C(15)-C(16)  1.442(3) 
C(15)-H(15)  1.0000 
C(17)-C(21)  1.403(8) 
C(17)-C(18)  1.414(7) 
C(17)-H(17)  1.0000 
C(18)-C(19)  1.436(9) 
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C(18)-H(18)  1.0000 
C(19)-C(20)  1.426(9) 
C(19)-H(19)  1.0000 
C(20)-C(21)  1.438(8) 
C(20)-H(20)  1.0000 
C(21)-H(21)  1.0000 
C(17B)-C(18B)  1.36(2) 
C(17B)-C(21B)  1.42(2) 
C(17B)-H(17A)  1.0000 
C(18B)-C(19B)  1.34(3) 
C(18B)-H(18A)  1.0000 
C(19B)-C(20B)  1.43(3) 
C(19B)-H(19A)  1.0000 
C(20B)-C(21B)  1.36(2) 
C(20B)-H(20A)  1.0000 
C(21B)-H(21A)  1.0000 
C(22)-C(27)  1.533(3) 
C(22)-C(23)  1.538(3) 
C(22)-H(22)  1.0000 
C(23)-C(24)  1.527(4) 
C(23)-H(23A)  0.9900 
C(23)-H(23B)  0.9900 
C(24)-C(25)  1.519(4) 
C(24)-H(24A)  0.9900 
C(24)-H(24B)  0.9900 
C(25)-C(26)  1.529(4) 
C(25)-H(25A)  0.9900 
C(25)-H(25B)  0.9900 
C(26)-C(27)  1.537(4) 
C(26)-H(26A)  0.9900 
C(26)-H(26B)  0.9900 
C(27)-H(27A)  0.9900 
C(27)-H(27B)  0.9900 
C(28)-C(33)  1.528(3) 
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C(28)-C(29)  1.539(3) 
C(28)-H(28)  1.0000 
C(29)-C(30)  1.530(4) 
C(29)-H(29A)  0.9900 
C(29)-H(29B)  0.9900 
C(30)-C(31)  1.526(4) 
C(30)-H(30A)  0.9900 
C(30)-H(30B)  0.9900 
C(31)-C(32)  1.527(4) 
C(31)-H(31A)  0.9900 
C(31)-H(31B)  0.9900 
C(32)-C(33)  1.532(4) 
C(32)-H(32A)  0.9900 
C(32)-H(32B)  0.9900 
C(33)-H(33A)  0.9900 
C(33)-H(33B)  0.9900 
C(34)-C(35)  1.495(5) 
C(34)-H(34A)  0.9800 
C(34)-H(34B)  0.9800 
C(34)-H(34C)  0.9800 
C(35)-O(4)  1.412(4) 
C(35)-H(35A)  0.9900 
C(35)-H(35B)  0.9900 
O(4)-C(37)  1.406(4) 
C(37)-C(38)  1.501(6) 
C(37)-H(37A)  0.9900 
C(37)-H(37B)  0.9900 
C(38)-H(38A)  0.9800 
C(38)-H(38B)  0.9800 
C(38)-H(38C)  0.9800 
O(3)-C(46)  1.419(9) 
O(3)-C(43)  1.443(10) 
C(43)-C(44)  1.535(10) 
C(43)-H(43A)  0.9900 
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C(43)-H(43B)  0.9900 
C(44)-C(45)  1.491(10) 
C(44)-H(44A)  0.9900 
C(44)-H(44B)  0.9900 
C(45)-C(46)  1.504(9) 
C(45)-H(45A)  0.9900 
C(45)-H(45B)  0.9900 
C(46)-H(46A)  0.9900 
C(46)-H(46B)  0.9900 
O(2)-C(42)  1.435(9) 
O(2)-C(39)  1.421(9) 
C(39)-C(40)  1.491(9) 
C(39)-H(39A)  0.9900 
C(39)-H(39B)  0.9900 
C(40)-C(41)  1.464(9) 
C(40)-H(40A)  0.9900 
C(40)-H(40B)  0.9900 
C(41)-C(42)  1.502(9) 
C(41)-H(41A)  0.9900 
C(41)-H(41C)  0.9900 
C(42)-H(42C)  0.9900 
C(42)-H(42A)  0.9900 
 
C(1)-Pd(1)-P(2) 142.14(4) 
C(1)-Pd(1)-P(1) 108.30(8) 
P(2)-Pd(1)-P(1) 99.83(2) 
C(1)-Pd(1)-Pd(1)#1 46.73(8) 
P(2)-Pd(1)-Pd(1)#1 110.966(17) 
P(1)-Pd(1)-Pd(1)#1 149.043(18) 
C(17B)-Fe(1)-C(14) 111.1(6) 
C(17B)-Fe(1)-C(13) 103.1(6) 
C(14)-Fe(1)-C(13) 40.94(10) 
C(17B)-Fe(1)-C(18B) 39.4(7) 
C(14)-Fe(1)-C(18B) 147.7(7) 
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C(13)-Fe(1)-C(18B) 119.4(7) 
C(17B)-Fe(1)-C(21) 26.1(6) 
C(14)-Fe(1)-C(21) 101.02(19) 
C(13)-Fe(1)-C(21) 111.8(2) 
C(18B)-Fe(1)-C(21) 58.0(7) 
C(17B)-Fe(1)-C(20) 60.1(7) 
C(14)-Fe(1)-C(20) 115.5(3) 
C(13)-Fe(1)-C(20) 147.7(3) 
C(18B)-Fe(1)-C(20) 66.7(7) 
C(21)-Fe(1)-C(20) 41.2(2) 
C(17B)-Fe(1)-C(15) 146.1(7) 
C(14)-Fe(1)-C(15) 40.83(10) 
C(13)-Fe(1)-C(15) 68.42(10) 
C(18B)-Fe(1)-C(15) 171.2(7) 
C(21)-Fe(1)-C(15) 124.4(3) 
C(20)-Fe(1)-C(15) 109.0(2) 
C(17B)-Fe(1)-C(21B) 41.0(7) 
C(14)-Fe(1)-C(21B) 102.1(6) 
C(13)-Fe(1)-C(21B) 123.3(8) 
C(18B)-Fe(1)-C(21B) 65.1(8) 
C(21)-Fe(1)-C(21B) 16.5(6) 
C(20)-Fe(1)-C(21B) 26.3(7) 
C(15)-Fe(1)-C(21B) 114.8(6) 
C(17B)-Fe(1)-C(17) 14.8(6) 
C(14)-Fe(1)-C(17) 120.3(2) 
C(13)-Fe(1)-C(17) 102.3(2) 
C(18B)-Fe(1)-C(17) 27.9(6) 
C(21)-Fe(1)-C(17) 40.1(2) 
C(20)-Fe(1)-C(17) 68.4(3) 
C(15)-Fe(1)-C(17) 159.3(3) 
C(21B)-Fe(1)-C(17) 53.7(6) 
C(17B)-Fe(1)-C(18) 51.6(6) 
C(14)-Fe(1)-C(18) 159.1(3) 
C(13)-Fe(1)-C(18) 124.6(2) 
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C(18B)-Fe(1)-C(18) 12.4(6) 
C(21)-Fe(1)-C(18) 68.2(2) 
C(20)-Fe(1)-C(18) 68.9(3) 
C(15)-Fe(1)-C(18) 159.8(3) 
C(21B)-Fe(1)-C(18) 72.8(6) 
C(17)-Fe(1)-C(18) 40.2(2) 
C(17B)-Fe(1)-C(19) 70.2(6) 
C(14)-Fe(1)-C(19) 153.5(3) 
C(13)-Fe(1)-C(19) 165.1(2) 
C(18B)-Fe(1)-C(19) 47.0(7) 
C(21)-Fe(1)-C(19) 68.2(3) 
C(20)-Fe(1)-C(19) 40.6(3) 
C(15)-Fe(1)-C(19) 124.7(2) 
C(21B)-Fe(1)-C(19) 60.6(7) 
C(17)-Fe(1)-C(19) 67.7(3) 
C(18)-Fe(1)-C(19) 40.7(3) 
C(17B)-Fe(1)-C(19B) 67.0(10) 
C(14)-Fe(1)-C(19B) 164.5(7) 
C(13)-Fe(1)-C(19B) 153.9(7) 
C(18B)-Fe(1)-C(19B) 38.0(9) 
C(21)-Fe(1)-C(19B) 70.4(8) 
C(20)-Fe(1)-C(19B) 49.5(7) 
C(15)-Fe(1)-C(19B) 133.3(8) 
C(21B)-Fe(1)-C(19B) 65.9(9) 
C(17)-Fe(1)-C(19B) 61.7(8) 
C(18)-Fe(1)-C(19B) 30.2(7) 
C(19)-Fe(1)-C(19B) 11.2(7) 
C(3)-P(1)-C(2) 110.05(12) 
C(3)-P(1)-C(10) 107.72(12) 
C(2)-P(1)-C(10) 103.11(12) 
C(3)-P(1)-Pd(1) 113.55(8) 
C(2)-P(1)-Pd(1) 113.48(9) 
C(10)-P(1)-Pd(1) 108.22(8) 
C(16)-P(2)-C(22) 108.87(11) 
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C(16)-P(2)-C(28) 99.70(11) 
C(22)-P(2)-C(28) 102.92(11) 
C(16)-P(2)-Pd(1) 111.36(8) 
C(22)-P(2)-Pd(1) 117.56(8) 
C(28)-P(2)-Pd(1) 114.68(8) 
O(1)#1-O(1)-C(1) 70.4(3) 
O(1)#1-C(1)-O(1) 39.2(6) 
O(1)#1-C(1)-Pd(1) 135.5(5) 
O(1)-C(1)-Pd(1) 131.2(5) 
O(1)#1-C(1)-Pd(1)#1 131.2(5) 
O(1)-C(1)-Pd(1)#1 135.5(5) 
Pd(1)-C(1)-Pd(1)#1 86.53(16) 
C(4)-C(2)-C(5) 106.7(2) 
C(4)-C(2)-C(6) 109.3(2) 
C(5)-C(2)-C(6) 108.5(2) 
C(4)-C(2)-P(1) 107.31(18) 
C(5)-C(2)-P(1) 106.71(19) 
C(6)-C(2)-P(1) 117.8(2) 
C(7)-C(3)-C(8) 109.5(2) 
C(7)-C(3)-C(9) 106.8(2) 
C(8)-C(3)-C(9) 108.7(2) 
C(7)-C(3)-P(1) 109.28(19) 
C(8)-C(3)-P(1) 115.96(19) 
C(9)-C(3)-P(1) 106.22(17) 
C(2)-C(4)-H(4A) 109.5 
C(2)-C(4)-H(4B) 109.5 
H(4A)-C(4)-H(4B) 109.5 
C(2)-C(4)-H(4C) 109.5 
H(4A)-C(4)-H(4C) 109.5 
H(4B)-C(4)-H(4C) 109.5 
C(2)-C(5)-H(5A) 109.5 
C(2)-C(5)-H(5B) 109.5 
H(5A)-C(5)-H(5B) 109.5 
C(2)-C(5)-H(5C) 109.5 
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H(5A)-C(5)-H(5C) 109.5 
H(5B)-C(5)-H(5C) 109.5 
C(2)-C(6)-H(6A) 109.5 
C(2)-C(6)-H(6B) 109.5 
H(6A)-C(6)-H(6B) 109.5 
C(2)-C(6)-H(6C) 109.5 
H(6A)-C(6)-H(6C) 109.5 
H(6B)-C(6)-H(6C) 109.5 
C(3)-C(7)-H(7A) 109.5 
C(3)-C(7)-H(7B) 109.5 
H(7A)-C(7)-H(7B) 109.5 
C(3)-C(7)-H(7C) 109.5 
H(7A)-C(7)-H(7C) 109.5 
H(7B)-C(7)-H(7C) 109.5 
C(3)-C(8)-H(8A) 109.5 
C(3)-C(8)-H(8B) 109.5 
H(8A)-C(8)-H(8B) 109.5 
C(3)-C(8)-H(8C) 109.5 
H(8A)-C(8)-H(8C) 109.5 
H(8B)-C(8)-H(8C) 109.5 
C(3)-C(9)-H(9A) 109.5 
C(3)-C(9)-H(9B) 109.5 
H(9A)-C(9)-H(9B) 109.5 
C(3)-C(9)-H(9C) 109.5 
H(9A)-C(9)-H(9C) 109.5 
H(9B)-C(9)-H(9C) 109.5 
C(12)-C(10)-C(11) 111.1(2) 
C(12)-C(10)-P(1) 110.50(16) 
C(11)-C(10)-P(1) 120.16(19) 
C(12)-C(10)-H(10) 104.5 
C(11)-C(10)-H(10) 104.5 
P(1)-C(10)-H(10) 104.5 
C(10)-C(11)-H(11A) 109.5 
C(10)-C(11)-H(11B) 109.5 
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H(11A)-C(11)-H(11B) 109.5 
C(10)-C(11)-H(11C) 109.5 
H(11A)-C(11)-H(11C) 109.5 
H(11B)-C(11)-H(11C) 109.5 
C(13)-C(12)-C(16) 107.9(2) 
C(13)-C(12)-C(10) 124.7(2) 
C(16)-C(12)-C(10) 127.5(2) 
C(13)-C(12)-Fe(1) 67.70(14) 
C(16)-C(12)-Fe(1) 70.69(13) 
C(10)-C(12)-Fe(1) 128.26(16) 
C(14)-C(13)-C(12) 108.9(2) 
C(14)-C(13)-Fe(1) 69.30(15) 
C(12)-C(13)-Fe(1) 71.74(14) 
C(14)-C(13)-H(13) 125.5 
C(12)-C(13)-H(13) 125.5 
Fe(1)-C(13)-H(13) 125.5 
C(15)-C(14)-C(13) 107.7(2) 
C(15)-C(14)-Fe(1) 70.28(14) 
C(13)-C(14)-Fe(1) 69.76(14) 
C(15)-C(14)-H(14) 126.2 
C(13)-C(14)-H(14) 126.2 
Fe(1)-C(14)-H(14) 126.2 
C(14)-C(15)-C(16) 109.2(2) 
C(14)-C(15)-Fe(1) 68.89(14) 
C(16)-C(15)-Fe(1) 72.12(14) 
C(14)-C(15)-H(15) 125.4 
C(16)-C(15)-H(15) 125.4 
Fe(1)-C(15)-H(15) 125.4 
C(15)-C(16)-C(12) 106.3(2) 
C(15)-C(16)-P(2) 125.64(19) 
C(12)-C(16)-P(2) 124.65(17) 
C(15)-C(16)-Fe(1) 67.28(13) 
C(12)-C(16)-Fe(1) 68.94(13) 
P(2)-C(16)-Fe(1) 144.64(13) 
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C(21)-C(17)-C(18) 109.5(6) 
C(21)-C(17)-Fe(1) 69.7(3) 
C(18)-C(17)-Fe(1) 70.4(4) 
C(21)-C(17)-H(17) 125.2 
C(18)-C(17)-H(17) 125.2 
Fe(1)-C(17)-H(17) 125.2 
C(17)-C(18)-C(19) 107.0(7) 
C(17)-C(18)-Fe(1) 69.3(3) 
C(19)-C(18)-Fe(1) 69.7(4) 
C(17)-C(18)-H(18) 126.5 
C(19)-C(18)-H(18) 126.5 
Fe(1)-C(18)-H(18) 126.5 
C(20)-C(19)-C(18) 108.4(8) 
C(20)-C(19)-Fe(1) 68.8(5) 
C(18)-C(19)-Fe(1) 69.6(4) 
C(20)-C(19)-H(19) 125.8 
C(18)-C(19)-H(19) 125.8 
Fe(1)-C(19)-H(19) 125.8 
C(19)-C(20)-C(21) 107.0(7) 
C(19)-C(20)-Fe(1) 70.6(4) 
C(21)-C(20)-Fe(1) 69.4(4) 
C(19)-C(20)-H(20) 126.5 
C(21)-C(20)-H(20) 126.5 
Fe(1)-C(20)-H(20) 126.5 
C(17)-C(21)-C(20) 108.0(6) 
C(17)-C(21)-Fe(1) 70.2(3) 
C(20)-C(21)-Fe(1) 69.4(4) 
C(17)-C(21)-H(21) 126.0 
C(20)-C(21)-H(21) 126.0 
Fe(1)-C(21)-H(21) 126.0 
C(18B)-C(17B)-C(21B) 104.2(19) 
C(18B)-C(17B)-Fe(1) 71.4(12) 
C(21B)-C(17B)-Fe(1) 71.1(11) 
C(18B)-C(17B)-H(17A) 127.6 
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C(21B)-C(17B)-H(17A) 127.6 
Fe(1)-C(17B)-H(17A) 127.6 
C(19B)-C(18B)-C(17B) 113(2) 
C(19B)-C(18B)-Fe(1) 73.1(15) 
C(17B)-C(18B)-Fe(1) 69.2(12) 
C(19B)-C(18B)-H(18A) 123.3 
C(17B)-C(18B)-H(18A) 123.3 
Fe(1)-C(18B)-H(18A) 123.3 
C(18B)-C(19B)-C(20B) 106(3) 
C(18B)-C(19B)-Fe(1) 68.9(15) 
C(20B)-C(19B)-Fe(1) 70.4(14) 
C(18B)-C(19B)-H(19A) 127.1 
C(20B)-C(19B)-H(19A) 127.1 
Fe(1)-C(19B)-H(19A) 127.1 
C(21B)-C(20B)-C(19B) 107(3) 
C(21B)-C(20B)-Fe(1) 69.0(13) 
C(19B)-C(20B)-Fe(1) 69.6(16) 
C(21B)-C(20B)-H(20A) 126.4 
C(19B)-C(20B)-H(20A) 126.4 
Fe(1)-C(20B)-H(20A) 126.4 
C(20B)-C(21B)-C(17B) 109(2) 
C(20B)-C(21B)-Fe(1) 72.6(14) 
C(17B)-C(21B)-Fe(1) 67.9(10) 
C(20B)-C(21B)-H(21A) 125.3 
C(17B)-C(21B)-H(21A) 125.3 
Fe(1)-C(21B)-H(21A) 125.3 
C(27)-C(22)-C(23) 111.3(2) 
C(27)-C(22)-P(2) 117.62(17) 
C(23)-C(22)-P(2) 109.78(17) 
C(27)-C(22)-H(22) 105.8 
C(23)-C(22)-H(22) 105.8 
P(2)-C(22)-H(22) 105.8 
C(24)-C(23)-C(22) 111.0(2) 
C(24)-C(23)-H(23A) 109.4 
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C(22)-C(23)-H(23A) 109.4 
C(24)-C(23)-H(23B) 109.4 
C(22)-C(23)-H(23B) 109.4 
H(23A)-C(23)-H(23B) 108.0 
C(25)-C(24)-C(23) 112.2(2) 
C(25)-C(24)-H(24A) 109.2 
C(23)-C(24)-H(24A) 109.2 
C(25)-C(24)-H(24B) 109.2 
C(23)-C(24)-H(24B) 109.2 
H(24A)-C(24)-H(24B) 107.9 
C(24)-C(25)-C(26) 110.9(2) 
C(24)-C(25)-H(25A) 109.5 
C(26)-C(25)-H(25A) 109.5 
C(24)-C(25)-H(25B) 109.5 
C(26)-C(25)-H(25B) 109.5 
H(25A)-C(25)-H(25B) 108.1 
C(25)-C(26)-C(27) 112.6(2) 
C(25)-C(26)-H(26A) 109.1 
C(27)-C(26)-H(26A) 109.1 
C(25)-C(26)-H(26B) 109.1 
C(27)-C(26)-H(26B) 109.1 
H(26A)-C(26)-H(26B) 107.8 
C(22)-C(27)-C(26) 110.6(2) 
C(22)-C(27)-H(27A) 109.5 
C(26)-C(27)-H(27A) 109.5 
C(22)-C(27)-H(27B) 109.5 
C(26)-C(27)-H(27B) 109.5 
H(27A)-C(27)-H(27B) 108.1 
C(33)-C(28)-C(29) 108.8(2) 
C(33)-C(28)-P(2) 111.23(17) 
C(29)-C(28)-P(2) 112.11(16) 
C(33)-C(28)-H(28) 108.2 
C(29)-C(28)-H(28) 108.2 
P(2)-C(28)-H(28) 108.2 
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C(30)-C(29)-C(28) 110.4(2) 
C(30)-C(29)-H(29A) 109.6 
C(28)-C(29)-H(29A) 109.6 
C(30)-C(29)-H(29B) 109.6 
C(28)-C(29)-H(29B) 109.6 
H(29A)-C(29)-H(29B) 108.1 
C(31)-C(30)-C(29) 112.2(2) 
C(31)-C(30)-H(30A) 109.2 
C(29)-C(30)-H(30A) 109.2 
C(31)-C(30)-H(30B) 109.2 
C(29)-C(30)-H(30B) 109.2 
H(30A)-C(30)-H(30B) 107.9 
C(30)-C(31)-C(32) 111.0(2) 
C(30)-C(31)-H(31A) 109.4 
C(32)-C(31)-H(31A) 109.4 
C(30)-C(31)-H(31B) 109.4 
C(32)-C(31)-H(31B) 109.4 
H(31A)-C(31)-H(31B) 108.0 
C(31)-C(32)-C(33) 111.4(2) 
C(31)-C(32)-H(32A) 109.4 
C(33)-C(32)-H(32A) 109.4 
C(31)-C(32)-H(32B) 109.4 
C(33)-C(32)-H(32B) 109.4 
H(32A)-C(32)-H(32B) 108.0 
C(28)-C(33)-C(32) 110.3(2) 
C(28)-C(33)-H(33A) 109.6 
C(32)-C(33)-H(33A) 109.6 
C(28)-C(33)-H(33B) 109.6 
C(32)-C(33)-H(33B) 109.6 
H(33A)-C(33)-H(33B) 108.1 
C(35)-C(34)-H(34A) 109.5 
C(35)-C(34)-H(34B) 109.5 
H(34A)-C(34)-H(34B) 109.5 
C(35)-C(34)-H(34C) 109.5 
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H(34A)-C(34)-H(34C) 109.5 
H(34B)-C(34)-H(34C) 109.5 
O(4)-C(35)-C(34) 107.4(3) 
O(4)-C(35)-H(35A) 110.2 
C(34)-C(35)-H(35A) 110.2 
O(4)-C(35)-H(35B) 110.2 
C(34)-C(35)-H(35B) 110.2 
H(35A)-C(35)-H(35B) 108.5 
C(37)-O(4)-C(35) 113.1(3) 
O(4)-C(37)-C(38) 108.2(3) 
O(4)-C(37)-H(37A) 110.1 
C(38)-C(37)-H(37A) 110.1 
O(4)-C(37)-H(37B) 110.1 
C(38)-C(37)-H(37B) 110.1 
H(37A)-C(37)-H(37B) 108.4 
C(37)-C(38)-H(38A) 109.5 
C(37)-C(38)-H(38B) 109.5 
H(38A)-C(38)-H(38B) 109.5 
C(37)-C(38)-H(38C) 109.5 
H(38A)-C(38)-H(38C) 109.5 
H(38B)-C(38)-H(38C) 109.5 
C(46)-O(3)-C(43) 106.3(11) 
O(3)-C(43)-C(44) 100.8(11) 
O(3)-C(43)-H(43A) 111.6 
C(44)-C(43)-H(43A) 111.6 
O(3)-C(43)-H(43B) 111.6 
C(44)-C(43)-H(43B) 111.6 
H(43A)-C(43)-H(43B) 109.4 
C(45)-C(44)-C(43) 101.1(11) 
C(45)-C(44)-H(44A) 111.5 
C(43)-C(44)-H(44A) 111.5 
C(45)-C(44)-H(44B) 111.6 
C(43)-C(44)-H(44B) 111.6 
H(44A)-C(44)-H(44B) 109.4 
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C(44)-C(45)-C(46) 104.7(9) 
C(44)-C(45)-H(45A) 110.8 
C(46)-C(45)-H(45A) 110.8 
C(44)-C(45)-H(45B) 110.8 
C(46)-C(45)-H(45B) 110.8 
H(45A)-C(45)-H(45B) 108.9 
O(3)-C(46)-C(45) 106.8(8) 
O(3)-C(46)-H(46A) 110.4 
C(45)-C(46)-H(46A) 110.4 
O(3)-C(46)-H(46B) 110.4 
C(45)-C(46)-H(46B) 110.4 
H(46A)-C(46)-H(46B) 108.6 
C(42)-O(2)-C(39) 108.8(9) 
C(40)-C(39)-O(2) 107.1(8) 
C(40)-C(39)-H(39A) 110.3 
O(2)-C(39)-H(39A) 110.3 
C(40)-C(39)-H(39B) 110.3 
O(2)-C(39)-H(39B) 110.3 
H(39A)-C(39)-H(39B) 108.5 
C(39)-C(40)-C(41) 107.7(9) 
C(39)-C(40)-H(40A) 110.2 
C(41)-C(40)-H(40A) 110.2 
C(39)-C(40)-H(40B) 110.2 
C(41)-C(40)-H(40B) 110.2 
H(40A)-C(40)-H(40B) 108.5 
C(42)-C(41)-C(40) 105.2(8) 
C(42)-C(41)-H(41A) 110.7 
C(40)-C(41)-H(41A) 110.7 
C(42)-C(41)-H(41C) 110.7 
C(40)-C(41)-H(41C) 110.7 
H(41A)-C(41)-H(41C) 108.8 
C(41)-C(42)-O(2) 108.6(8) 
C(41)-C(42)-H(42C) 110.0 
O(2)-C(42)-H(42C) 110.0 
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C(41)-C(42)-H(42A) 110.0 
O(2)-C(42)-H(42A) 110.0 
H(42C)-C(42)-H(42A) 108.4 
_____________________________________________________________  
Symmetry transformations used to generate equivalent atoms:  
#1 y,x,-z       
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Table 4.   Anisotropic displacement parameters  (Å2x 103).  The anisotropic 
displacement factor exponent takes the form:  -2p2[ h2 a*2U11 + ...  + 2 h k a* b* U12 ] 
______________________________________________________________________________  
 U11 U22  U33 U23 U13 U12 
______________________________________________________________________________  
Pd(1) 17(1)  19(1) 17(1)  2(1) -1(1)  0(1) 
Fe(1) 28(1)  23(1) 16(1)  3(1) 0(1)  0(1) 
P(1) 16(1)  24(1) 19(1)  1(1) -1(1)  1(1) 
P(2) 17(1)  18(1) 16(1)  0(1) 0(1)  0(1) 
O(1) 65(6)  38(4) 80(8)  29(3) -48(5)  -31(4) 
C(1) 46(2)  46(2) 37(3)  24(2) -24(2)  -24(2) 
C(2) 19(1)  38(2) 28(2)  0(1) 2(1)  5(1) 
C(3) 25(1)  28(1) 28(1)  0(1) -8(1)  -3(1) 
C(4) 32(1)  40(2) 28(1)  -7(1) 2(1)  10(1) 
C(5) 28(2)  53(2) 29(2)  2(1) 7(1)  2(1) 
C(6) 20(1)  58(2) 36(2)  1(2) 0(1)  6(1) 
C(7) 31(2)  37(2) 43(2)  3(1) -8(1)  -13(1) 
C(8) 34(2)  41(2) 29(2)  -3(1) -10(1)  -4(1) 
C(9) 35(2)  24(1) 41(2)  -7(1) -2(1)  -1(1) 
C(10) 21(1)  22(1) 23(1)  1(1) -1(1)  4(1) 
C(11) 29(1)  32(1) 27(1)  6(1) -1(1)  9(1) 
C(12) 24(1)  17(1) 15(1)  2(1) -2(1)  0(1) 
C(13) 27(1)  26(1) 18(1)  0(1) -4(1)  -1(1) 
C(14) 32(2)  28(1) 17(1)  -4(1) -1(1)  1(1) 
C(15) 27(1)  22(1) 18(1)  1(1) 3(1)  2(1) 
C(16) 22(1)  18(1) 16(1)  2(1) -1(1)  -2(1) 
C(17) 50(3)  33(3) 25(3)  11(2) -4(2)  3(2) 
C(18) 56(3)  24(2) 24(3)  6(2) 2(3)  2(2) 
C(19) 44(3)  23(3) 38(3)  11(2) -6(3)  -8(2) 
C(20) 41(3)  36(3) 38(4)  10(3) 7(3)  -8(2) 
C(21) 52(4)  38(2) 18(2)  11(2) 2(2)  -8(3) 
C(17B) 49(5)  36(5) 27(5)  8(4) -3(4)  1(4) 
C(18B) 50(4)  24(4) 30(5)  10(4) -2(4)  2(4) 
C(19B) 50(5)  26(5) 29(4)  5(4) 1(5)  -8(5) 
C(20B) 45(4)  33(5) 29(5)  6(5) -1(4)  -12(4) 
C(21B) 50(6)  38(4) 27(5)  6(4) 4(5)  -3(5) 
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C(22) 23(1)  22(1) 18(1)  -3(1) -1(1)  -4(1) 
C(23) 26(1)  22(1) 26(1)  -3(1) 1(1)  -1(1) 
C(24) 41(2)  24(1) 37(2)  -8(1) -5(1)  -1(1) 
C(25) 44(2)  24(2) 46(2)  -1(1) -8(1)  -9(1) 
C(26) 30(1)  31(2) 36(2)  6(1) -3(1)  -10(1) 
C(27) 22(1)  26(1) 24(1)  1(1) 1(1)  -4(1) 
C(28) 19(1)  22(1) 16(1)  1(1) 1(1)  2(1) 
C(29) 25(1)  27(1) 23(1)  1(1) -4(1)  3(1) 
C(30) 26(1)  44(2) 32(2)  4(1) -3(1)  10(1) 
C(31) 36(2)  37(2) 31(2)  4(1) 5(1)  16(1) 
C(32) 35(2)  27(1) 29(1)  -4(1) 5(1)  6(1) 
C(33) 24(1)  23(1) 27(1)  -3(1) -1(1)  1(1) 
C(34) 38(2)  90(3) 56(2)  4(2) 1(2)  -8(2) 
C(35) 32(2)  40(2) 55(2)  -4(2) -1(1)  -3(1) 
O(4) 35(1)  50(1) 42(1)  -4(1) -6(1)  -2(1) 
C(37) 64(2)  52(2) 49(2)  0(2) -18(2)  3(2) 
C(38) 68(3)  139(5) 47(2)  12(3) -1(2)  -3(3) 
O(3) 134(7)  78(6) 88(6)  16(5) -43(5)  -19(5) 
C(43) 127(7)  62(6) 85(7)  4(5) -37(6)  -14(5) 
C(44) 120(7)  56(6) 80(6)  0(5) -45(5)  -3(5) 
C(45) 115(7)  57(6) 86(6)  8(5) -54(5)  -11(5) 
C(46) 119(7)  61(6) 91(7)  16(5) -47(6)  -16(5) 
O(2) 138(6)  70(5) 91(6)  4(5) -53(5)  -10(5) 
C(39) 125(7)  65(6) 91(6)  14(5) -52(5)  -11(5) 
C(40) 113(7)  52(6) 85(7)  15(5) -55(5)  -7(5) 
C(41) 111(7)  49(6) 75(6)  5(5) -51(5)  -2(5) 
C(42) 121(7)  54(5) 77(6)  3(5) -38(6)  -4(5) 
______________________________________________________________________________ 
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Table 5.   Hydrogen coordinates ( x 104) and isotropic  displacement parameters (Å2x 10 3). 
______________________________________________________________________________
__  
 x  y  z  U(eq) 
______________________________________________________________________________
__  
  
H(4A) 5418 11460 -98 50 
H(4B) 5900 11563 -401 50 
H(4C) 6602 11051 -161 50 
H(5A) 4835 9818 89 55 
H(5B) 6010 9337 56 55 
H(5C) 5007 8710 -68 55 
H(6A) 3858 10528 -315 57 
H(6B) 4036 9433 -477 57 
H(6C) 4401 10538 -612 57 
H(7A) 5054 6783 -599 55 
H(7B) 4603 7838 -455 55 
H(7C) 5672 7294 -344 55 
H(8A) 4890 7795 -1029 52 
H(8B) 5679 8764 -1095 52 
H(8C) 4673 8945 -899 52 
H(9A) 6577 6783 -884 50 
H(9B) 7308 7266 -645 50 
H(9C) 7267 7834 -939 50 
H(10) 7344 10882 -657 26 
H(11A) 6504 11471 -1053 44 
H(11B) 5665 11343 -808 44 
H(11C) 5719 10466 -1046 44 
H(13) 6993 9700 -1340 28 
H(14) 8752 8908 -1529 31 
H(15) 10152 8947 -1139 27 
H(17) 7513 12014 -1496 43 
H(18) 8215 12696 -1030 42 
H(19) 10244 12227 -1004 42 
Table 5, continued 
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H(20) 10767 11244 -1455 46 
H(21) 9051 11134 -1760 43 
H(17A) 7879 11714 -1636 45 
H(18A) 7894 12628 -1174 42 
H(19A) 9690 12526 -955 42 
H(20A) 10932 11488 -1297 43 
H(21A) 9813 11004 -1712 46 
H(22) 10396 10429 -224 25 
H(23A) 9110 11749 -569 30 
H(23B) 8770 11346 -270 30 
H(24A) 9463 13116 -252 40 
H(24B) 10159 12323 -67 40 
H(25A) 11326 13393 -320 46 
H(25B) 10742 13081 -601 46 
H(26A) 11984 11659 -268 38 
H(26B) 12308 12069 -567 38 
H(27A) 10941 11051 -770 29 
H(27B) 11640 10275 -581 29 
H(28) 10913 8685 -741 23 
H(29A) 11453 8890 -274 30 
H(29B) 10696 7918 -187 30 
H(30A) 12522 7747 -540 41 
H(30B) 12454 7277 -235 41 
H(31A) 11221 5985 -371 42 
H(31B) 12217 5917 -576 42 
H(32A) 10552 5875 -819 36 
H(32B) 11284 6850 -916 36 
H(33A) 9515 7462 -848 30 
H(33B) 9531 7037 -538 30 
H(34A) 8029 5578 -1480 92 
H(34B) 6919 5415 -1324 92 
H(34C) 7592 4401 -1422 92 
H(35A) 8911 4753 -1101 51 
H(35B) 8337 5850 -1016 51 
H(37A) 8047 5259 -552 66 
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H(37B) 8718 4212 -631 66 
H(38A) 7541 3863 -262 127 
H(38B) 7254 3132 -520 127 
H(38C) 6552 4166 -454 127 
H(43A) 5586 4725 -57 109 
H(43B) 5154 5752 109 109 
H(44A) 3373 5405 -20 102 
H(44B) 4023 5186 -300 102 
H(45A) 3980 3405 -244 103 
H(45B) 2895 3687 -82 103 
H(46A) 3626 3216 310 108 
H(46B) 4675 2849 145 108 
H(39A) 5081 3233 164 112 
H(39B) 3992 3576 313 112 
H(40A) 3188 2947 -51 100 
H(40B) 4271 2948 -227 100 
H(41A) 3673 4347 -435 94 
H(41C) 2704 4464 -221 94 
H(42C) 3563 5748 -12 101 
H(42A) 4532 5627 -225 101 
______________________________________________________________________________ 
